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Volume conduction determines the shape of the external action 
potential from a potential source surrounded by a conducting 
medium and its change in amplitude and duration with varying 
distance from the source. Volume conduction has been analysed 
by LoreNTE DE No (1947 b) in the case of whole nerve but a 
corresponding analysis is lacking for muscle. 

In the present study the action potential inside and outside 
the isolated muscle fibre in Ringer’s solution was measured and 
the resultant potential field around the fibre was determined. 
For comparison the action potential was recorded from the surface 
of a fibre surrounded by a moist gas mixture (air). 


Method. 


Fibres from the frog’s m. semitendinosus (Rana temporaria) were 
isolated and transferred to an experimental chamber containing Ringer’s 
solution. The fibres, about ten mm in length, were stimulated at the 
one end and the action potential was recorded by intracellular or 
extracellular electrodes placed distal to the point of stimulation. The 
technique of preparation, the method for stimulation and for extracel- 
lular recording and the composition of the Ringer’s solution have been 
described (HAxaNnsson 1956). 

Intracellular recording. For intracellular recording a glass capillary 
microelectrode was used with an external tip diameter of less than 
0.5 uw (Linc and Gerarp 1949). The electrodes were filled with a 3 
M KCI solution (NastuK and Hopexrn 1950) and their impedance was 
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about ten Megohms. The rise time of a square wave pulse through the 
electrode and amplifier (“time constant”) was 70 usec. This rather long 
rise time was due to the fact that the tip of the microelectrode dipped 
at least 1.5 mm in the Ringer’s solution covering the muscle fibre. 

Recording from fibres suspended in a moist chamber. To obtain action 
potentials from an insulated fibre, recordings were made from the fibre 
surrounded by a moist gas mixture consisting of 99 per cent oxygen and 
one per cent carbon dioxide. Fibres in the horizontal position adhered 
to the fluid surface and were damaged when the Ringer’s solution was 
replaced by the gas mixture. The damage could be avoided if the fibre 
was suspended vertically. The film of Ringer’s solution which adhered 
to the fibre after emptying the chamber was so thin that there resulted 
a high external resistance (p. 308). In order to prevent the fibre from 
drying it was necessary to maintain a humidity of 100 per cent in the 
chamber. To this purpose the gas mixture was bubbled through four 
successive bottles of hot Ringer’s solution. Just before entering the 
experimental chamber the warm moist gas mixture was cooled to the 
temperature of the chamber. To test that the humidity was no less 
than 100 per cent a piece of wet cotton wool was placed on a thermistor 
inside the chamber. If this thermistor registered a lower temperature 
in moist air than a thermistor placed close to the muscle fibre, evapora- 
tion had occurred from the cotton wool and the humidity was less than 
100 per cent. To avoid accumulation of potassium (p. 309) in the 
Ringer’s film surrounding the muscle fibre, Ringer’s solution was 
washed through the chamber about every 15 minutes. 


Oxygen has been shown to act as a poison to nerve-muscle prepara- | 


tions (BEAN and Bour 1938) and to nerve (PEROT and STEIN 1956). 


The possibility that the high oxygen concentration in the gas surround- | 


ing the muscle fibres in the present experiments might interfere with 
the function of the fibre was investigated in ten experiments in which 
the gas mixture consisted of 20 per cent oxygen, 79 per cent nitrogen 
and one per cent carbon dioxide. The survival time of the fibres was 
identical in the two gas mixtures indicating that the high oxygen 
concentration did not act as a cell poison in the experiments reported. 


Survival time of the fibres in the gas mixture. With a stimulation | 


frequency of less than one in five seconds the conduction velocity and 
amplitude could remain constant for as long as three hours, longer than 
when it was surrounded by a large volume of Ringer’s solution. With a 
stimulation frequency of more than two per second there was a rapid 
slowing in conduction velocity and a decrease in action potential 
amplitude. Restitution occurred with the cessation of stimulation 
and was accelerated by washing the fibre in Ringer’s solution. 

The recording electrodes consisted of thin silver plates each with a 
hole of 1.5—2 mm in diameter through which the fibre passed (Fig. 1). 
Contact between the fibre and the silver plate was by means of a thin 
Ringer’s film in the hole maintained by surface tension. The contact 
area on the fibre was seen to be less than 100 yw in the longitudinal direc- 
tion. The advantages of this type of electrode were the low impedance, 
not exceeding 1 x 105 ohms; the small contact area on the fibre and the 
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Fig. 1. Electrode for the recording of action potentials from a muscle fibre suspen- 
ed in air. 
a) Silver plate, 50 » thick. 
b) Hole through which the fibre passes. The hole is covered by a thin film of 
Ringer’s solution which makes contact around the fibre. 
c) Droplet of Ringer’s fluid to maintain the film. 


d) Muscle fibre. 
e) Glass rod to which the muscle fibre is attached. 


f) Perspex pin. 
g) Lead to amplifier. 


absence of a damaging contact. Four electrodes were used, each attached 
to its own perspex pin (f in Fig. 1) which could be moved parallel to 
the longitudinal axis of the fibre. During experiments in Ringer’s 
solution the electrodes were pulled up around the glass rod. For recording 
in the gas mixture the chamber was placed vertically and the fluid level 
lowered. This operation caused a thin film of Ringer’s fluid to remain in 
the hole in the silver plates. When the muscle fibre was entirely surround- 
ed by the gas mixture, the electrodes were pushed down around the 
fibre to a suitable level. The two electrodes situated close to the stim- 
ulated end of the fibre were coupled to one differential amplifier, the 
two other electrodes to a second differential amplifier. Usually the two 
electrodes in a pair were separated by one mm, the two pairs by 3—4 
mm to allow measurement of conduction time. 

To reduce the stimulus artifact during experiments in the gas mixture 
the bridge arrangement was used shown in Fig. 2 whereby the voltage 
(V) from the stimulus common to both input terminals of the differen- 
tial amplifier could be balanced to a minimum value. 
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Fig. 2. To reduce the stimulus artifact wh2n recording in air. 

A. Differential amplifier. 

B. Stimulation transformer. 

The voltage (V) from th2 stimulation circuit common to both input terminals of 
the differential amplifier can be balanced to minimum by the potentiometer (P). 

The rectangles indicate the impedances of the stimulating electrodes (Zs,, Zs,), 
the recording electrodes (Z,—%,) and the muscle fibre (Zm, — Zm,)- 
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Results. 


Extracellular Action Potential Recorded in a Large Volume 
of Ringer’s Solution at Various Distances from the Fibre. 


The external action potential was recorded at various distances 
between 30 uw and 1,500 « from the fibre in 50—100 yw steps at right 
angles to it. The external electrode was advanced no closer than 
30 « from the surface of the fibre because of the danger of damage 
when the contracting fibre moved. At distances of more than 1,500 
u the action potential was too small to be discriminated against 
the noise level. An example of the recorded potentials at 30, 150 
and 460 uw from the fibre surface is shown in Fig. 3. The amplitude 
of the negative deflection was slightly higher than that of the 
positive. The decrement in amplitude of the positive and negative 
phases with increasing distances is shown in Fig. 4. Near the 
surface of the fibre the amplitude decreased rectilinearly with the 
logarithm of the distance from the fibre axis (Fig. 4 inset). At about 
600 « from the fibre the amplitude was only one tenth its value 
at 30 uw. When both amplitude and distance were plotted on a 
logarithmic scale the amplitude decreased nearly rectilinearly 
with distance for distances larger than 0.15 mm from the axis of 
the fibre. The relationships for fibres of different circumferences 
were essentially similar, the amplitude being the higher the larger 
the circumference (Fig. 5). The parallel course of the different 
amplitude-distance relationships indicates that the relative 
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Fig. 3. Action potential from an isolated muscle fibre, 352 in circumference, im 
Ringer’s solution, recorded at 30 pu, 150 u and 460 p» from the surface of the fibre 
(22° C). The dotted lines connect the positive and negative peaks and indicate the 
increase in duration of the positive-negative deflection with increasing distance. 


decrease in amplitude is identical for fibres of different circum- 
ference. At the same distance from the axis of the fibre the 
amplitude for the different fibres varied as the square of the 
radius. 

The time interval between the positive and negative peaks of the 
action potential increased with increasing distance from the muscle 
fibre: A duration of the steep positive-negative deflection of for 
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Fig. 4. Amplitude of first, positive (O—O—O) and second, negative (@—®—8) 
phase of the external action potential from an isolated muscle fibre in Ringer’s 
solution, plotted against the distance between recording electrode and fibre axis. 


Inset: plot of peak to peak amplitude against the logarithm of the distance from 
the axis of the fibre. 


example 270 usec (Fig. 3, 22° C) was found with the electrode 30 u 
from the surface of the fibre, at a distance of 500 yu twice this 
duration was recorded. 


Spread of Equipotential Lines in a Conducting Medium Sur- 
rounding the Fibre. 


From the active part of a muscle fibre in Ringer’s solution the 
current spreads outwards in the surrounding medium. Equipo- 
tential lines were constructed from the action potentials measured 
at different distances from the fibre (Fig. 6). The current passes 
perpendicularly to these equipotential lines. The equipoteutial 
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Fig. 5. Action potential amplitude as a function of the distance from the axis of 
the fibre immersed in Ringer’s solution for fibres of different circumference (log- 
arithmic scales, 20—22° C). 


line for zero potential was perpendicular to the axis of the muscle 
fibre. The equipotential lines for the positive and negative phase 
of the potential spread nearly symmetrically around the zero line 
with a slightly larger spread of the positive phase. For potentials 
exceeding 100 «V the spread along the fibres was 0.7 mm to both 
sides from the point of zero potential; in the transverse direction 
it was 0.3 mm from the surface. 

From the travelling field (Fig. 6) the total current was estimated 
which passes the membrane of the muscle fibre during activity. 
To this purpose the radial component of the field strength (E,) 
was determined at a distance of 100 « from the surface of the fibre. 
The radial current density (I,) is then 

I=o-E, 
where o is the conductivity of the Ringer’s solution surrounding 
the fibre (+ = 83 ohm cm, 20° C; Karz 1948). The maximum 
current density 100 « from the surface was about 0.3 milliampere 
per cm?. The currents (i) passing through different cylindrical 
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Fig. 6. Equipetential lines around the active muscle fibre in Ringer’s solution. 

Two points (@) on an equipotential line (e. g. + 60 nV) are obtained by projecting 

the two corresponding points of the action potential (below) on the line which 

corresponds to the distance at which the potential was recorded (broken line). 

The wave of activity can be regarded as moving along the fibre (hatched area) 
from right to left. 


where AA is the surface of a given segment. The sum 
<i of the currents over the positive or the negative part 
of the field represents the total current passing through the 
membrane. It amounted to 9 x 10-* amp. With a conduction 
velocity of the action potential of 2.0 m per sec (20° C) the prop- 
agation along the fibre lasted 5 msec per cm fibre length and 
therefore the total electric charge passing across the membrane 
of the muscle fibre during activity was 4.5 x 10-* coulomb per 
em fibre length ((9 x 10-*) x (5 x 10-%)). Since a one cm fibre 
with a diameter of 100 u has a surface of x X 10-* cm? the total 
charge passing the membrane in one direction during activity 
was 1.4 x 10-* coulomb per cm?. This corresponds to the transport 
of 1.4 x 10-" moles univalent ions per cm’. 
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Fig. 7. Action potential of an isolated frog muscle fibre, surrounded by a large 

volume of Ringer’s solution, recorded simultaneously with an intracellular electrode 

(upper beam) and with an extracellular electrode (lower beam). 19°C. Membrane 
potential 90 mV. S = stimulus. 


Intracellularly and Extracellularly Recorded Action Poten- 
tial of the Isolated Muscle Fibre in Ringer’s Solution. 


The intracellular action potential was recorded with an electrode 
inserted into the fibre just opposite the opening of an extracellular 
electrode placed as close as possible to the surface of the fibre. 
An example of a simultaneous record of these two action potentials 
is shown in Fig. 7. The monophasic, intracellular action potential 
had an amplitude varying in different fibres from 73 to 137 mV 
(Table 1). The mean value was 108 mV; corrected for the ‘‘time 
constant” (p. 292) of the recording device it was 112 mV. The time 
for the rise of the potential from 20 to 100 per cent of crest was 
0.52 + 0.04 msec (21.2° C), ¢. e. of a similar order of magnitude 
as that found by Nastuk and HopeGKIN (1950, 0.49 + 0.01 msec 
at 17.4° C); and Nastuk (1953, 0.33 + 0.006 msec, 22.6° C). The 
total duration of the intracellular action potential could not be 
determined with certainty on account of the protracted course 
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Table 1. 
Comparison between the monophasic spike of a muscle fibre in a gas mixture 
(above) and the intracellular spike recorded with the fibre in Ringer’s 
solution (below). 


| Duration) Time | 
External | Temper- | Circum- | | | An- 
medium ature | ference | B30 rise to 50) oo 20—100 | plitude 
| Y | per cent | velocity | Pet cent 
| fall | | of crest 
| °C | [ | m/sec | msec | mm msec mV 
19.8 235 =| «(0.9 2.8 2.5 0.32 95 
20.5 256 =| «0.8 3.2 2.6 0.35 109 
21.0 | 27% | Le 0.20 | 122 
on 20.0 | 330 } Oo | 37 | 33 | Oss | 84 
| 21.0 368 1.08 3.3 | 3.6 0.29 115 
| 22.0 383 1.2 3.0 | 3.6 0.21 109 
20.1 |; 2.3 0.30 118 
| | 
20.7 312 4.05. | 108 
|+0.2 | +0.2 ‘40.02 | +4 
a2 | 300 | 190: | 290 | 55 | oso | 7 
21.0 315. | 1.95 94 
20.9 | 364 | 2.30 3.3 7.6 0.45 94 
Ringer’s 21.5 | 384 | 2.50 4.5 11.3 0.67 137 
20:6} 448) Sle 8.2 108 
22.0 of OS 11.8 0.47 128 
21.9 428 | 2.80 4.0 EL? = 120 
| 212 | 377 241 | 386 | 8&8 | O52 | 108 
Mean value +0.12 |+ 0.25 09 |4004 | +7 


’ Calculated from HAkansson (1956), Fig. 6, II A. 
* Duration from 50 per cent rise to 50 per cent fall. 


of the repolarisation phase. The time interval between the rise 
from and fall to 50 per cent of crest was 2.9 to 4.5 msec with a 
mean value of 3.6 + 0.25 msec. With a conduction velocity of 2.4 
m per sec (21° C) this part of the potential is spread over a length 
of 8.6 mm along the fibre. 

About two msec after the peak of the action potential the slope 
increased rather suddenly (Fig. 7). This change in slope is not 
identical with the more pronounced hump found by Farr and 
Katz (1951) and Nastux (1953) due to a superimposed end- 
plate potential. The present experiments were performed on 
directly stimulated and fully curarized fibres with the recording 
electrode 7—8 mm from the stimulating electrode. Since the 
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experiments were made on isolated fibres distortion from adjacent 
fibres (Easton 1954, 1955, 1956) can be excluded as well. 

The external action potential recorded in Ringer’s solution was 
diphasic, the first phase positive and the peak to peak amplitude 
0.8—2.9 mV, mean value 1.8 mV (7 potentials). The intra- and 
extracellularly recorded potentials had a simultaneous onset and 
the negative peak of the externally recorded potential was simul- 
taneous with the peak of the intracellular potential. The duration 
of the diphasic response was 2.67 + 0.14 msec; ?. e. less than 1 msec 
longer than the rising phase of the intracellular action potential. 
The duration of the diphasic potential increased slightly with 
increasing fibre circumference, from 2.5 msec at 150 u circumference 
to 3.2 msec at 350 mw circumference (21° C). 

The time relationship between the extracellular action potential 
and the intracellularly recorded potential indicates that the extra- 
cellular action potential can be accounted for in terms of the 
second derivative of the intracellular action potential (cf. LORENTE 
pE N6, 1947 b): The positive peak of the extracellular potential 
occurs at the time the rising phase of the intracellular potential 
displays the most pronounced change in slope, just as the negative 
peak of the extracellular potential coincides with the peak of the 
intracellular potential. Since the course of repolarisation is very 
gradual, much more so than in nerve, it does not manifest itself 
by a third positive phase in the extracellular potential. 


Action Potentials from a Muscle Fibre Surroundsd by Air. 


The monophasic action potential could not be measured directly 
from the muscle fibre suspended in a moist gas mixture: the po- 
tential led off by the first electrode had not yet disappeared when 
the impulse reached the second electrode, even at the tendon end 
of the muscle fibre. The diphasic potential recorded by a pair of 
electrodes represents the difference between the monophasic 
potentials picked up by each electrode of the pair (Fig. 8). These 
potentials are displaced by an interval corresponding to the time 
required for the action potential to propagate from one electrode 
of the pair to the other. Recordings were made with interelectrode 
distances of one to four mm. With a propagation velocity of about 
1 m per sec this corresponds to a displacement (At) of 1 to 4 
msec. The duration of the ascending phase of the action potential 
was the same independent of the electrode distance and therefore 
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Fig. 8. A. Action potential recorded from a muscle fibre in air. The distance between 

the recording electrodes was 1.2 mm; the conduction velocity 0.8 m per sec (20.5° C). 

B. Graphically constructed monophasic response. a) diphasic surface action po- 

tential, b) reconstructed monophasic potential, c) monophasic potential recorded 
by the second electrode of the pair (reversed). 


this phase and part of its decline in the diphasic potential were 
identical with these portions in the extracellular monophasic 
potential. However, the reconstruction of the monophasic poten- 
tial is complicated by the fact that the descending phase reconstruc- 
ted from recordings with short distances between the electrodes 
of the pair is different from that which is recorded with long 
distances (Figs. 8 and 9). 

The amplitude of the initial phase of the extracellular diphasic 
potential was 108 + 4 mV, 7. e. of the same order of magnitude 
as that of the intracellularly recorded action potential (Table 1). 
This high amplitude was found even with a distance between the 
leading-off electrodes of as little as 1 mm and it indicates that 
under these conditions the rising phase of the potential is spread 
over a range of less than one mm along the muscle fibre. The 
rise time from 20 to 100 per cent of the crest was 0.27 + 0.02 
msec (8 fibres, 20.7° C). This was shorter than the rise time of the 
intracellular action potential with the fibre in Ringer’s solution 
(0.52 + 0.04 msec, 21.2° C, Table 1). The longer rise time found 
in intracellular measurements cannot be accounted for by the 
distortion due to the time constant of the microelectrode and 
amplifier (p. 292). Correcting for the distortion (Soums, NasTuK 
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and ALEXANDER 1953) the actual intracellular rise time was 
about ten per cent shorter than the measured value and the peak 
amplitude was on the average measured three per cent too low. 
The total duration of the diphasic response is no suitable expression 
of the duration of membrane’ changes since the protracted ter- 
minal course of these changes i is largely cancelled by the bipolar 
recording. , 

The later portions of the monophasic surface action potential 
of a fibre in, air can be constructed graphically from the diphasic 
potential, if the conduction velocity is known (LoRENTE DE NO 
1947 a). The conduction velocity was determined from the arrival 
time of the spike potential at the.two pairs of electrodes and from 
the distance between the pairs. Thereby the displacement At 
due to propagation from the first to the second electrode of-a pair 
could he determined with greater accuracy than from the diphasi¢ © 
potential itself. The graphically reconstructed’ monophasic po- 
tential is shown in Fig. 8 B. The monophasic potential and the 
first portion of the diphasic potential being identical over At, 
the course of the monophasic potential up to 2 At is obtained by 
adding the initial portion of the diphasic potential to the diphasic 
potential after a displacement in time At. Then, by addition of the 
monophasic potential known up to 2 At, we obtain its course up 
to 3 At and so on. 

The total duration of the reconstructed monophasic surface 
potential cannot be evaluated with sufficient accuracy since the 
terminal part of the potential is lost in a bipolar recording. With 
a distance between the leading-off electrodes of about 1 mm the 
duration measured from 50 per cent of rise to 50 per cent of fall 
averaged 2.9 + 0.2 msec (20.7°C); there was a tendency for the 
reconstructed monophasic potential in an insulating medium to 
have a shorter duration than the intracellularly measured potential 
with the fibres in Ringer’s solution (Table 1). 

It is surprising that the first phase of the diphasic potential 
recorded with a large electrode distance differed considerably from 
that to be expected from the monophasic potential reconstructed 
from a recording with a short distance between the electrodes: 
4 msec after the start of the initial deflection the potential recorded 
with a large distance between the electrodes had decreased by 25 
per cent (Fig. 9) while the monophasic potential reconstructed 
from recordings with a short distance between the electrodes had 
fallen 55 per cent (Fig. 8 B). In addition, with large distances 
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Fig. 9. Initial phase of an action potential from a muscle fibre in air, recorded by 
two electrodes 4 mm apart. The conduction velocity was 1.08 m per sec (21° C). 


between the electrodes (4 mm) irregularities were seen in the di- 
phasic potentials which did not appear with short distances 
(1—2 mm). They are illustrated in Fig. 9 which shows the first 
phase of a diphasic response. The base line with the fibre at rest 
had no trace of oscillations. Therefore, they cannot be caused by 
potential changes on the second electrode to which the action 
potential had not yet arrived. Since the action potential represents 
the potential changes which occur at the site of the electrode the 
irregularities cannot either be due to unevenness in the fluid film 
along the fibre. Hence, the irregular oscillations represent potential 
changes occurring in the muscle fibre membrane at the site of the 
first electrode of the pair and indicate repeated partial re- and 
depolarizations of the membrane. We have no explanation to 
offer for the longer duration of the monophasic potential obtained 
with long interelectrode distance as compared with that found 
with short interelectrode distance and for the irregularities in the 
repolarization phase. 

The conduction of the action potential over the muscle fibre 
proceeded at about half the velocity when the fibre was placed 
in a moist gas chamber than when it was surrounded by a large 
volume of Ringer’s solution. The velocity was 1.05 m per sec 
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(s. d. 0.18 m per sec, 20.7° C) with the fibre in air while it was 
2.4 m per sec (s. d. 0.34 m per sec, 21.2° C) in Ringer’s solution 
(Table 1). Correspondingly, it is seen that the conduction velocity 
for fibres of different circumferences in air varied by about half 
as much as in Ringer’s solution. On account of this low conduc- 
tion velocity the action potential with the fibre in air is spread 
ever a shorter distance than it is in Ringer’s solution. Constructed 
from measurements with a 1 mm distance between the two 
electrodes of the pair the monophasic action potential in air 
spread over 3.1 mm (50 per cent rise to 50 per cent fall) while the 
spread was 8.8 mm in Ringer’s solution. 


Discussion. 


The membrane changes occurring during impulse propagation 
in an excitable tissue manifest themselves in the action potentials 
recorded intracellularly and extracellularly. The amplitude of 
the volume conducted action potential from a frog muscle fibre 
in a large volume of Ringer’s solution decreased markedly with in- 
creasing distance from the fibre, the decrease being rectilinear 
with the logarithm of the distance near its surface while at larger 
distances (d) from the axis of the fibre the amplitude decreased 
as d-"*, The spread of action currents outside an excitable cell 
in situ or in an artificial medium depends on the potential source 
as well as on the external medium. For muscle fibres of different 
diameter the relative decrease in amplitude as a function of dis- 
tance was the same, the absolute amplitudes varying as the square 
of fibre diameter. 

The effect of both distance and size of the potential source on 
the amplitude of the volume conducted muscle fibre action po- 
tential is in agreement with LorENTE DE NO’s (1947 b) calcula- 
tions for the action potential of nerve. He calculated the volume 
condueted action potential from the potential recorded on the 
surface of the nerve when it was surrounded by an insulating 
medium. The potential V in a point P of the conducting medium 


was: 
A 1 
V(P) = ds 


dz? r 
where A is the cross sectional area of the nerve, V, the surface 


action potential with the nerve in an insulating medium and r the 
distance between P and the points on the axis of the nerve (z). 
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the axis can be deduced from this expression if the distance is 
small as compared with the depolarized section along the nerve. 
It can furthermore be seen that the amplitude is proportional td 
the cross sectional area (A) of the source if the surface action 
potential is the same for fibres of different diameter. 

There is an essential difference in the volume conducted action 
potential of nerve and muscle fibres: the former being triphasic 
and the latter diphasic. In nerve the third positive phase is 
substantially lower than the two preceding phases of the po- 
tential. That it is absent in the action potential of the muscle 
fibre indicates a more gradual course of repolarization. This is 
actually found in intracellular measurements: the ratio between 
the duration of the rising and the descending phase of the mono- 
phasic action potential being 10 in the. muscle fibre and 1.4 in 
the squid giant axon (HopGKIN and Karz 1949) when measured 
between 50 per cent of rise and 50. per cent of fall. 

In analogy to measurements on a whole nerve (LORENTE DE 
No 1947 b), it was originally intended to use the action potential 
measured with the muscle fibre in air to deduce properties of the 
volume conducted potentials in Ringer’s solution. However, a 
prerequisite for this procedure would be that the potential sources 
remain unaltered when moved from the insulating medium into a 
volume conductor. In fact, this does not apply to the action po- 
tential sources of the muscle fibre: the spread of the monophasic 
potential along the fibre is considerably shorter with the fibre in 
air than in Ringer’s solution. The change is due to the high impe- 
dance of the very thin Ringer’s film surrounding the muscle fibre 
and one might expect better agreement between the spread in 
air and in Ringer’s solution were the Ringer’s film thicker. On 
the other hand, the time relationship of the action potentials 
measured extracellularly and intracellularly with the fibre in 
Ringer’s solution suggests that the extracellular potential is 
related to the second derivative of the intracellular potential in 
Ringer’s solution. This agrees with the general concept of the 
membrane theory in that the membrane currents are proportional 
to the second derivative of the intracellular action potential 

(cf. Hopexin 1954). 

It would have been desirable to compare the results of volume 
conduction of the muscle fibre action potential presented here 
with those from isolated non-myelinated nerve fibres. However, 


A linear decrease in amplitude with the logarithm of distance from 


ACT 
has t 
med 
acti¢ 
the 
fall, 
} isols 
dia 
No 
use 
| ofa 
| the 
clos 
su 
1. 
anc 
act 
| tot 
th: 
| ex 
pr 
80 
re 
re 
e 
cc 
es 
0 
a 
b 
t 


ce from 
ance is 
nerve, 
onal td 
action 


action 
phasic 
ase is 
po- 
nuscle 
his is 
bween 
nono- 
in 
sured 


E DE 
ntial 
f the 
r, a 
irces 
toa 
po- 
asic 
e in 
ibre 
in 
On 
als 
in 


ACTION POTENTIALS RECORDED INTRA- & EXTRACELLULARLY. 307 


experiments of this type are not available. Therefore, a comparison 


has to be confined to their surface action potentials in an insulating 
medium. In a non-myelinated crab nerve fibre the spread of the 
action potential along the fibre was calculated to two mm with 


_ the fibre in an insulating medium (50 per cent rise to 50 per cent 


fall, HopGKIN 1939), 7. e. of the same order of magnitude as in the 
isolated muscle fibre in air. In the squid giant axon of 500 yu 
diameter the spread was 10 mm (HopexrIn 1939). LORENTE DE 
No (1947 a, b), though working with a whole myelinated nerve, 
used a strength of stimulation to activate a homogeneous group 
of alpha fibres; therefore, the spread of the action potential along 
the nerve obtained in his experiments may be considered very 
close to that of an isolated nerve fibre. Determined from the 
surface action potential in an insulating medium it was 21 mm, 
i. e. about seven times that of the single muscle fibre in moist air 
and more than twice that of the muscle fibre in Ringer’s solution. 

A simultaneous recording of the extracellular volume conducted 
action potential and the intracellular potential showed that the 
total duration of the extracellular potential is only slightly longer 
than that of the rising phase of the intracellular potential. The 
major part of the repolarization phase is thus not reflected in the 
external volume conducted potential. 

The surface action potential in an insulating medium was 
propagated with much lower velocity than that in Ringer’s 
solution. This reduction in velocity is due to the high external 
resistance (HopGKIN 1939). A direct measurement of the external 
resistance with the fibre in air was complicated by the shunt 
effects arising from the interior of the muscle fibre. From the 
conduction velocities in Ringer’s solution and in air it may be 
estimated. With a specific resistance of the fibre interior of 230 
ohm cm (Katz 1948) the longitudinal resistance per cm (r;) for 
a fibre of 100 y diameter is 2.9 x 10° ohm per cm. The relationship 
between propagation velocity (V) and the external (r,) and 
internal longitudinal resistance (r;) per cm is given by 


V == a (R USHTON 1937) 


where K is a proportionality factor. With a propagation velocity 
in Ringer’s solution of 2.4 m per sec and in air of 1.05 m per sec 
the external resistances are related by 

22—573087. Acta phys. Scandinav. Vol. 39. 
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1.05 


2.40 +2,(air) 
From this the external resistance r, in air is calculated 
r,(air) = 11.5 x 10° ohm per cm + 5 r,(Ringer) 
The specific resistance of Ringer’s solution is 83 ohm cm (Karz 
1948), The current flow being concentrated within about 300 


from the axis of the fibre (Fig. 4) the external longitudinal resist- 
ance with the fibre in Ringer’s solution is roughly: 


83 
(600% — 100) 10-* 
4 


r.(Ringer) = 


- ohm per cm 


r,(Ringer) = 3 x 10‘ ohm per cm. 


With this external resistance in Ringer thus a value in air of 
about 12 x 10° ohm per cm is obtained. The thickness of the 
Ringer’s film (4d) surrounding the muscle fibre in the moist gas 
mixture was estimated as follows: 


Tspec (Ringer) 


r, (air) = 


where a is the cross sectional area of the film of Ringer’s solution. 
a=Ad-a-d 


where d is the diameter of the muscle fibre. Substituting the value 
for the external resistance calculated on the basis of the propaga- 
tion velocity, the thickness of the film of the Ringer’s solution 
would be 2.3 yu. 

From: the potential field around=the fibre, the-conductivity of 
the surrounding medium and the conduction velocity of the action 
potential, the total charge was determined which passes the 
membrane of the muscle during activity. It amounted to 1.4 x 
10-* coulomb per cm?*. The total charge which passes the partially 
curarized motor end-plate during the end-plate potential is 
8 x 10° coulomb (Fatt and Katz 1951). The end-plate potential 
is detected over about two mm along the muscle fibre (Fatt and 
Katz 1951), corresponding to a surface area of 6 xX 10-* cm*. 
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Hence, the ionic flux during the end-plate potential is 1.3 x 10-’ 
coulomb per cm’. This is about ten times smaller than the flux 
estimated to pass the muscle fibre membrane during activity. 
Expressed in moles of univalent ions per cm? the flux through the 
muscle membrane amounted to 1.4 x 10-". In single nerve fibres 
the flux was about three to five times smaller (KEYNES and 
Lewis 1950). 

As to the interpretation of the potential changes in terms of 
membrane processes, the rising phase of the intracellular action 
potential has been correlated to an increase of the membrane 
permeability to sodium ions (Hopex1n, Huxtey and Karz 1950). 
An active membrane process has been supposed to reduce sodium 
entry and to rebuild the membrane potential. The change in the 
permeability of the membrane to sodium and potassium ions is 
related but displaced in time. The exit of potassium ions from 
inside to outside tends to reduce the action potential and might 
possibly cause a dip in the repolarization phase (cf. HoDGKIN 
1950, Keynes 1950). In analogy to these interpretations the 
several dips and humps recorded in the repolarization phase with 
the fibre in air might indicate repeated changes in permeability. 
Changes in excitability of oscillating nature has been observed 
in nerve (ARVANITAKI 1939, Hopexin, Huxtey and Karz 1950, 
MonnIER 1952) and could be influenced by the potassium and 
calcium content of the surrounding medium. Possibly in the case 
of the muscle fibre output and uptake of potassium by each stim- 
ulus tends to give a re- and depolarization of the membrane. 
The regenerative tendency might be magnified in the air experi- 
ments since the thin Ringer film outside the fibre allows the change 
in ion concentration to be greater than in the experiments in 


Ringer’s solution. 


Summary. 


Action potentials were recorded inside and outside isolated frog 
muscle fibres in Ringer’s solution and in moist air in order to 
correlate the different potentials and to study volume conduction. 

The eztracellular action potential recorded from isolated frog 
muscle fibres in Ringer’s solution was diphasic with a first positive 
and a second negative phase. 

The duration of the potential measured at a distance of 30 u 
from the surface of the fibre was 2.67 + 0.14 msec (21.2° C). 
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It increased slightly with increasing fibre circumference from — 


2.5 msec in a fibre of 150 « circumference to 3.2 msec in a fibre 
of 350 ciucumference. 

The amplitude increased proportionally to the square of the 
fibre circumference. The peak to peak amplitude was 0.8 to 2.9 
mV 30 uw from the surface of the fibre. Near the fibre the amplitude 
decreased linearly with the logarithm of the distance from the 
axis of the fibre. At distances (d) exceeding 0.15 mm from the 
axis of the fibre the amplitude decreased as d-1. 


The peak of the intracellularly measured potential coincided | 


with the negative peak of the extracellular potential with the 
fibre in Ringer’s solution. This indicates that the extracellular 
action potential can be accounted for by means of the second de- 


rivative of the intracellular potential. A third positive phase of | 


the volume conducted potential which is present in nerve dis- 
appears within the noise level for the muscle fibre in Ringer’s 
solution because of the more protracted course of repolarization. 

The spread of the action potential along the fibre determined 
from the intracellularly recorded action potential was 8.8 + 0.9 
mm (conduction velocity x duration of the potential from 50 per 
cent rise to 50 per cent fall). 

From the action potentials recorded at different distances 
from the fibre equipotential lines of the travelling potential field 
were constructed. By means of this field the charge passing the 
membrane during depolarization was determined to 1.4 x |0- 
coulomb per cm?. 

The surface action potential from a fibre surrounded by a moist 
gas mixture had an amplitude of the same order of magnitude 
as the intracellularly measured action potential with the fibre 
surrounded by Ringer’s solution. The time for rise from 20 to 
100 per cent of crest was about balf the rise time of the intra- 
cellularly recorded potential. The duration of the reconstructed 
monophasic potential from 50 per cent rise to 50 per cent fall was 
slightly shorter than the intracellular accion potential. 

The conduction velocity of the potential with the fibre in air 
was half that measured in Ringer’s solution (2.41 + 0,12 m per sec 
in Ringer’s solution; 1.05 -+- 0.05 m per sec in air at 21° C). From 
this difference in propagation velocity the impedance of the 
Ringer’s film surrounding the fibre in air was estimated to 12 
megohms per cm. The thickness of the Ringer’s layer was about 
two 
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Potentiation by Histaminase Inhibitors of the 
Effects of Histamine on the Rectal Temperature 
in the Unanaesthetized Guinea-Pig. 


By 
H. WESTLING. 
Received 26 February 1957. 


In previous work it was observed that the effects of 
histamine on the respiratory movements of unanaesthetized 
guinea-pigs were potentiated by histaminase inhibitors (WEst- 
LING 1956). It seemed to be of interest to find out whether 
also other effects of histamine on intact guinea-pigs were 
modified by inhibitors of histaminase. In the experiments to 
be presented the effect of histamine on the rectal temperature 
has been studied. 

Histamine has been found to decrease the rectal temperature 
in various species (DALE and LaIpLaw 1911, PACKMAN, Ross! 
and HarRIsson 1953). The mechanism for the fall in rectal 
temperature after histamine is not fully known. An increased 
heat loss has been observed, but diminished heat production 
is probably also responsible (i. a. CoLLDAHL 1943, BEzNAK, 
KovAcH and GAspAR-RADy 1948, GYERMEK 1950, IsSEKUTs, 
LICHTNECKERT and Nacy 1950 and FasinyI-SZEBEHELY and 
SZEBEHELY 1953). 


Experimental. 


Animals. Male guinea-pigs with an initial body weight of 
$25—425 g were obtained from a local dealer, keeping a closed 
colony. The animals were kept in air-conditioned quarters at 20° C. 
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The food was turnips, beets, hay and corn ad libitum. The animals | 
were kept at the Institute for at least one week before being used 
in experiments. 


a metal box, which was 15 cm long, 10 cm wide and 15 em high, 
As a rule the animals were very quiet in these boxes. The experiments 
were performed in a room with a thermostatically controlled tem- 
perature of 20° C. 

Thermocouples (applicator type RM 4, Elektrolaboratoriet, Copen- 
hagen) with an external diameter of 2 mm were dipped in liquid 
paraffin and inserted 5 cm into the rectum. The applicators were 


Measurement of the rectal temperature. Each animal was put in | 


kept in place throughout the experiment with strips of adhesive | 


tape. The individual thermocouples were connected to a galvano- 
meter (type TE 3, Elektrolaboratoriet) by means of a connexion 
box (type FE 10, Elektrclaboratoriet). The scale of the galvano- 
meter was divided in 0.2° C, but readings could be taken to the 
nearest 0.1° C. The temperature of each animal was recorded every 

10 minutes, starting 30 min. before any injections. A histaminase 
inhibitor or an equal volume of 0.9 % saline solution was injected 
30 minutes before histamine or the substances with histamine-like 
actions. In a few experiments mepyramine was _ injected _sub- 
cutaneously 30 minutes before histamine or one of the other 
substances. 

The experiments were performed at the same time of the day, 
the thermocouples being inserted at about 9°° a.m. Each animal was 
subjected to experiments every seven days. The experiments with 
potentiation of histamine effects by aminoguanidine were performed 
in July. The other experiments were made in September—November. 

After a subcutaneous injection of histamine the rectal temperature 
started to fall after about 20 min. The maximal fall was usually 
seen after 30—90 minutes. Later on the rectal temperature rose to 
normal values. In some experiments the fall in rectal temperature 
induced by histamine was followed by a temporary rise to values 
above normal, but this feature was not taken in account. The data 
used were 1) the maximal fall in rectal temperature 7. e. the diffe- 
rence between the temperature level before injection (usually 38.5° 
—39.0° C), and the lowest temperature recorded after histamine 
and 2) the duration of the response, which was taken to be the time 
interval between the injection of histamine and the first reading 
of restored normal temperature. In a few experiments, where the 
fall in rectal temperature was large, the temperature did not return 
to the normal level but was stabilized at a level somewhat lower than 
before injection. In these experiments the duration was measured 
from the injection to the first value at this lowered level. 

Some guinea-pigs showed large spontaneous fluctuations in the 
rectal temperature in the first one or occasionally two experiments. 
Such fluctuations made the experiment impossible. 

The measurements of the responses of the rectal temperature 
to 2-f-aminoethyl pyridine and 3-f-aminoethyl -1, 2, 4-triazole were 
made as described above for histamine. 
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Substances and injections.* The following substances were used: 
histamine acid phosphate (British Drug Houses), 2-f-aminoethy] 
pyridine dihydrochloride, 3-f-aminoethyl-1, 2, 4-triazole dihydro- 
chloride, aminoguanidine sulphate (Eastman Kodak), 2-methyl-4- 
amino-5-methylamino-pyrimidine dihydrochloride (called B-,pyrimi- 
dine) and mepyramine maleate (Merck & Co.). Dosages for histamine, 
2-f-aminoethyl pyridine and 3-f-aminoethyl-1, 2, 4-triazole are given 
in terms of the bases, those for other drugs refer to the salts 
mentioned. 

All drugs were dissolved in 0.9 % saline. The drugs acting on the 
rectal temperature were used in the following concentrations: hista- 
mine 0.5 mg/ml, 2-f-aminoethyl pyridine 8 mg/ml and 3-f-aminoethyl- 
1, 2, 4-triazole 0.5 mg/ml.. The smallest dose used was injected in a 
volume of 0.1 ml per 100 g of body weight. Increases in dosage were 
effected by increasing the volume of solution injected. 

The injections were made subcutaneously as described previously 
(WESTLING 1956). Histamine, 2-f-aminoethyl pyridine and 3-$-amino- 
ethyl-1, 2, 4-triazole were injected in the dorsal midline between the 
shoulder blades, the other substances in the flank. 

Plan of experiments. The experiments in tables 1, 2, 3 and 4 were 
performed after 4x4 Latin square designs. Each of four guinea-pigs 
was subjected to four different experimental treatments with weekly 
intervals. The results were subjected to the analysis of variance as 
described by EMMENS (1948) and ScHILD (1942). The figures for 
standard deviation (S.D.) given in the heads of tables 1—4 were 
obtained by taking the square root of the “error” mean square in the 
analysis of variance. 

When responses to only two treatments were compared in a group 
of guinea-pigs (tables 5 and 6) half of the animals received one 
treatment (i. e. saline and temperature-decreasing drug) in the first 
experiment and the other treatment (histaminase inhibitor and tem- 
perature-decreasing drug) in the second experiment. In the other 
animals the reverse procedure was adopted. Thus the number of 
observations on each of the treatments was equal to the number of 
animals used. Mean values+S. E.M. were calculated and compared 
by the ”’Student’s” t-test. 

Differences were regarded as statistically significant when the 
probability (P) for them to be caused by chance was less than 0.05. 
The statistical tables of FISHER and YATES (1953) were used. 


Results. 


1. Histamine. The effect of different doses of hista- 
mine on the rectal temperature in a group of four guinea-pigs 
is shown in table 1 and fig. 3. The changes in temperature 


* 2-6-aminoethyl pyridine and 3-f-aminoethyl-1, 2, 4-triazole were made 
available through the courtesy of dr Reuben G. Jones, Eli Lilly Research 
Laboratories, Indianapolis, Indiana U.S.A. Bi-pyrimidine was generously 
supplied by F. Hoffman-La Roche & Co AG, Basel, Switzerland. 
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Table 1. 


H. WESTLING. 


Effect of 4 doses of histamine on rectal temperature in 4 male 
guinea-pigs. The guinea-pigs received the doses in four experiments 
(numbered I—IV) with weekly intervals. Maximal fall (° C) and 
duration (min.) of the response are given. S.D. for maximal fall 
0.65, for duration 30. 


Animal Dose of histamine (mg/kg) 
m0. 0.50 0.71 1.00 1.41 
1 IV: 0.5° 60 min. | III: 0.79 70 min.| II: 1.5° 100 min T: 3.5° 190 min. 
3 17° 106. Et: 27° 320 .,, IV: 4.3° 220 ,, 
| Mean: 0.98° 90 ,, 1.43° 118 ,, 2.18° 145 ,, 3.43° 188, 
Table 2. 


Effect of aminoguanidine on the fall in rectal temperature induced 
by histamine. 4 guinea-pigs. Experiment performed after a 4x4 
Latin square design. Mean values are given for the four observations 

on each treatment. S.D. for maximal fall 0.50; for duration 14. 


Dose of histamine Maximal fall Duration | 
(mg/kg) (min.) 
0.5 Saline 0.50 88 
1.0 a 1.50 125 
0.5 Aminoguanidine Img/kg 1.60 115 
1.0 2.48 243 


Analysis of variance. 


Maximal fall Duration 
‘ De- De- 
S yariati s 
free- |Square free. | SQuare 
dom dom 
Aminoguanidine- 
saline 1 4.31|16.95| <0.01) 1 | 21025/}100.92) <0.001 
Regression 1 3.52 | 13.84] <0.01) 1 | 27225) 130.68) <0.001 
Parallelism 1 0.02} — | -- 1 8100} 38.88) <0.001 
Animals $ 1016) — | — 3 8117} 14.96) <0.01 
Experimental 
days 3 0.22; — | — 3 $17| 1.52) >0.2 
Error 5 0.25} — | — 6 208; — —_ 
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RECTAL 40 O- 
TEMP 
°C 
39 OF 
38.0F 
37 OF 
36 OF 
-60 -30 O 60 120 180 sain 240 


Fig. 1. Effect of different doses of histamine on rectal temperature. 4 ex- 
periments on one guinea-pig. Ordinate: Rectal temperature (°C). Abscissa: 
Time in min. before and after injection of histamine (at “0”’). 

0.50 mg/kg of histamine. 
1.00 
1,4) ,, 


observed in one animal in four experiments with different 
doses of histamine are given in fig. 1. Analysis of variance of 
the results in table 1 revealed a significant linear regression 
of both the maximal fall and the duration of the response on 
the logarithm of the dose of histamine (P <0.01). There was 
no significant deviation from linear regression. There was no 
significant difference between the responses of the animals or 
between results from the four experimental days. 

The effect of two histaminase inhibitors on the temperature 
response to histamine was studied. The inhibitors used were 
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Table 3. 
Effect of B,-pyrimidine on the fall in rectal temperature induced by 
histamine. 4 guinea-pigs. Experiment performed after a 4x4 Latin 
square design. Mean values are given for the four observations on 
each treatment. S.D. for maximal fall 0.43; for duration 14. 


Dose of histamine Picea tajeicies Maximal fall Duration 
(mg/kg) (min.) 
0.5 Saline 1.13 93 
1.0 1.95 130 | 
0.5 B,-pyrimidine 10 mg/kg 1.90 130 | 
1.0 3.53 218 


aminoguanidine and B,-pyrimidine. These two substances have 
a powerful inhibitory action on histaminase (SCHULER 1952 
and ARUNLAKSHANA, MONGAR and ScHILD 1954, respectively). 
It was observed previously (WEsTLING 1956) that with these 
two histaminase inhibitors there was a wide margin between 
doses producing potentiation of histamine effects and doses 
giving untoward reactions. 

A subcutaneous injection of aminoguanidine (1 mg/kg) was 
found to increase the effect of a subsequent injection of hista- 
mine on the rectal temperature (fig. 2). The effect on the rectal 
temperature of two doses of histamine preceded by amino- 
guanidine or by a control injection of saline are given in table 
2 and fig. 3. It may be seen from the table that both the 
maximal fall in temperature and the duration of the response 
were increased. The observed difference in response between 
experiments with and without aminoguanidine were signifi- 
cant (P <0.01 for maximal fall; P <0.001 for duration). The 
regression lines for maximal fall with and without amino- 
guanidine showed no significant deviation from parallelism, 
whereas with the figures for duration there was a significant 
deviation (P <0.001). The animals in which the effect of 
aminoguanidine was studied were somewhat less sensitive to 
histamine than the groups represented in tables 1 and 3. This 
may be due to the fact that the experiments with aminoguani- 
dine were performed in July, whereas those of tables 1 and 3 
were made in September and October. 

An injection of B,-pyrimidine (10 mg/kg) increased the 
effect on the rectal temperature of a subsequent injection of 
histamine (table 3, fig. 3). It may be seen that the action of 
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400, 
INJECTIONS 


-90 -60 -30 0O 60 120 180 240 one 300 


2. temperature response to 
histamine. 2 experiments on one guinea-pig. Ordinate and abscissa as in 
fig. 1. The right arrow under “Injections” denotes the injection of 1 mg/kg 
of histamine. The left arrow indicates the injection of saline (curve with 
filled cireles) or 1 mg/kg of aminoguanidine (curve with open circles). 


Fig. 2. Potentiation by aminoguanidine of the 


10 mg/kg of B,-pyrimidine was similar to that of 1 mg/kg 
of aminoguanidine. The differences between the responses to 
histamine with and without B,-pyrimidine were significant 
(P <0.01 for maximal fall; P <0.001 for duration). For the 
maximal fall there was no significant deviation from paral- 
lelism between the regression lines with and without B,- 
pyrimidine but the regression lines for duration showed a 
significant deviation from parallelism (P <0.05). 


2, 2faminoethyl pyridine. 2-f-aminoethyl pyri- 
dine has pharmacological actions which are very similar to 
those of histamine (WALTER, Hunt and FosBinDER 1941, LEE 
and Jones 1949, ARUNLAKSHANA, Moncar and ScHILp 1954). 
It is, however, not inactivated by histaminase preparations 
(ARUNLAKSHANA et al. 1954, LinDELL and WEsTLING 1957), 
and in keeping with this, its histamine-like actions have not 
been potentiated by histaminase inhibitors in different types 
of experiments (ARUNLAKSHANA et al. 1954, LINDELL and 


WEsTLInG 1956, WeESTLING 1956). 
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200} 


0.5 0.71 1.0 1.41 1.0 0.5 1.0 


Fig. 3. Comparison of the eff 
of histamine without and with aminoguanidine or By, 


spectively. The lines with open circles marked “Bi” and “AMG” denote 


the results obtained after injections of 10 mg/kg of Bi-pyrimidine and 1 mg/kg 
of aminoguanidine, respectively. 
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ay 
HISTAMINE TRIAZOLE 
39.0+ 38.0} 
38.0- 37.0- 
1 1 i Lo 4 i 
60 120 MIN. 60 120 180 MIN. 


Fig. 4. Effect of mepyramine on the fall in rectal temperature caused by 
histamine and 3-f-aminoethyl-1, 2, 4-triazole (“triazole”). Each diagram shows 
two experiments on one guinea-pig. Ordinates: Rectal temperature (° C). 
Abscissas: Time in min. after injection of histamine or “triazole’’. 

0.5 mg/kg of histamine or “triazole”. 

2.0 mg/kg of histamine or “triazole”, given 30 min. after 
1 mg/kg of mepyramine. 


2-$-aminoethyl pyridine was found to cause a fall in rectal 
temperature. In a few experiments the influence of mepyra- 
mine was studied. Mepyramine (1 mg/kg), given 30 min. before 
diminished the sensitivity to 2-f-aminoethyl pyridine so that 
32 mg/kg gave about the same or even a smaller response 
than 8 mg/kg given without mepyramine. Mepyramine caused 
a reduction of histamine sensitivity of about the same magni- 
tude (fig. 4). 

The results obtained with two doses of 2-f-aminoethyl pyri- 
dine preceded by saline or aminoguanidine are shown in table 
4, One guinea-pig injected with aminoguanidine and the larger 
dose of 2-8-aminoethyl pyridine died. Otherwise there was no 
significant difference between the responses to 2-f-aminoethy] 
pyridine in the experiments with and without aminoguanidine. 

The effect of B,-pyrimidine on the fall in rectal tempera- 
ture induced by 2-f-aminoethyl pyridine is shown in table 5. 
The differences between responses in experiments with and 
without B,-pyrimidine were not significant. 
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Table 4. 
Effect of aminoguanidine on the fall in rectal temperature induced 
by 2-f-aminoethyl pyridine. 4 experiments with each of the four 
treatments on 4 guinea-pigs. 1 guinea-pig died after aminoguanidine 
+ 16 mg/kg of 2-f-aminoethyl pyridine. S.D. for maximal fall 0.84; 
for duration 16. 


Dose of Maximal fall Duration 
2-B-aminoethyl Preceding injection (° (min.) 
pyridine (mg/kg) (Mean) (Mean) 
8 Saline 0.78 88 
16 2.00 123 
8 Aminoguanidine 10 mg/kg 0.75 83 
16 2.03* 160* 


*3 observations 


Table 5. 
Effect of B,-pyrimidine on the fall in rectal temperature induced by 
2-f-aminoethyl pyridine. 6 guinea-pigs. Mean values + S.E.M. for 6 


exp. without and 6 exp. with B,-pyrimidine are given. 


| Preceding injection | fall Duration | 
| pyridine (mg/kg) (°C) (min.) 

8 Saline 1.08+0.18 100+17 

8 B,-pyrimidine 10 mg/kg | 1.28+0.42 103 + 22 


9 


3. dfaminoethyl-l, 2, 4triazole. 3-f-aminoethyl-l, 
2, 4-triazole has pharmacological actions similar to those of 
histamine (AINSWORTH and JONEs 1953). The triazole com- 
pound was not oxidized by histaminase preparations (LINDELL 
and WESTLING 1957). 

It was found that 3-f-aminoethyl-1, 2, 4-triazole, when in- 
jected subcutaneously into guinea-pigs, evoked changes in the 
respiratory movements which were very similar to those seen 
after an injection of histamine. Injections of 3-5 mg/kg nearly 
always killed the animal. At autopsy the typical picture of 
histamine poisoning was seen, e. g. pale, protruding lungs which 
did not collapse. 

3-f-aminoethyl-1, 2, 4-triazole also caused a fall in the rectal 
temperature. The temperature-reducing effect of the triazole 
compound was antagonized by mepyramine (1 mg/kg) in 
about the same degree as was that of histamine, so that about 
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Table 6. 
induced Effect of 3-B-aminoethyl-1, 2, 4-triazole on rectal temperature in 3 
he four ) groups of guinea-pigs. Mean values+S.E.M. are given. 
\anidine 
0.84; No. of of Maximal fall | Duration 
Group triazole Preceding injection 
animals (mg/kg) ¢) (min.) 
in) 0.5 1.08+0.18 | 120+23 
1.0 2.02+0.22 | 188+27 
| 0.5 | | 9-85%0.09 | 106+11 
e 0.5 10 mg/kg 0.97+0.20 | 108+ 9 
| 0.5 B 1.05+0.16 | 114+14 
0.5 10 mg/kg 0.9140.12 | 110+ 8 
ed by four times more of either drug had to be given to obtain the 
fe3 same effect as without mepyramine (fig. 4). 
mend i The fall in rectal temperature elicited by 3-f-aminoethyl-1, 
®: | | 2, 4-triazole was not significantly modified by aminoguanidine 
) | § or B,-pyrimidine (table 6). 
ms 4. Effect of large doses of aminoguanidine 
—! and Bipyrimidine on rectal temperature. 
| Aminoguanidine alone had no effect on the rectal temperature, 
| when injected subcutaneously in a dose of 10 mg/kg. Four 
yl-1, guinea-pigs were injected with 100 mg/kg of aminoguanidine. 
2 of In two animals a slight increase in the temperature was ob- 
‘Om- served. The biggest rise was 0.8° C. In the other two guinea- 
ELL pigs a distinct effect could not be seen. 
: B,-pyrimidine, injected subcutaneously into 4 guinea-pigs 
wall in a dose of 100 mg/kg, did not cause any change in rectal 
the temperature. 
een | 
rly 
Discussion 
ich 
The earlier observation, that the effects of subcutaneously 
tal} injected histamine on unanaesthetized guinea-pigs were poten- 
le tiated by histaminase inhibitors (WeEsTLING 1956), has been 
in? extended in this investigation. In the earlier experiments the 
ut duration of changes in the external respiratory movements 
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after histamine was studied. In the present experiments an. 
other reaction to histamine was used, namely the fall in rectal 
temperature. This reaction lends itself more readily to quanti- 
tative analysis. The increase of the effect of histamine on the 
rectal temperature after injection of 1 mg/kg of aminoguani- 
dine or 10 mg/kg of B,-pyrimidine was about two-fold in 
the present experiments. A similar degree of potentiation was 
observed in the previous studies of the respiratory changes. 


The augmentation by aminoguanidine and B,-pyrimidine of 


the effect of histamine on the rectal temperature was not an 
additive effect since it was obtained with doses of histaminase 
inhibitors that did not cause changes in the rectal temperature 
when given alone. Even doses of 100 mg/kg of the inhibitors 
had no temperature-decreasing effect. 

The effects of 2-8-aminoethyl pyridine and 3-$-aminoethy]-l, 
2, 4-triazole on the rectal temperature were also studied. These 
substances belong to a group of so called “histamine analo- 
gues”. Histamine analogues have pharmacological actions that 
are very similar to those of histamine and their actions are 
antagonized by antihistamines to the same extent as those of 
histamine, indicating that they act on the same “receptors” as 
histamine (ARUNLAKSHANA, MONGAR and ScuHILp, 1954). The 
present experiments showed that 2--aminoethyl pyridine and 
3-f-aminoethyl-1, 2, 4-triazole decreased the rectal temperature 
of guinea-pigs and that this effect was antagonized by mepyra- 
mine. A direct comparison of the relative effects of histamine 
and the two histamine analogues in the same animal was not 
made. However, on the basis of experiments performed under 
uniform conditions on guinea-pigs of roughly the same body 
weight, it may be said that the ratio between equiactive doses 
of histamine, 2--aminoethyl pyridine and 3-f-aminoethyl-1, 2, 
4-triazole was about 1:16:1. 

As mentioned above, neither 2-f-aminoethyl pyridine nor 
3-f-aminoethyl-1, 2, 4-triazole are oxidized by histaminase 
preparations in vitro. In agreement with this is the present 
finding that the effects of these two histamine-like substances 
on the rectal temperature were not increased by aminoguani- 
dine or B,-pyrimidine. This observation supports the as- 
sumption that the potentiation by aminoguanidine and B,- 
pyrimidine of the effects of subcutaneously injected histamine 
on unanaesthetized guinea-pigs is caused by an inhibition of 
histaminase and not by other actions of the inhibitors. 
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Summary 


1. The effects of subcutaneous injections of histamine on the 
rectal temperature of guinea-pigs were potentiated by amino- 
guanidine and 2-methyl-4-amino-5-methylaminopyrimidine, two 
histaminase inhibitors. 

2. The histaminase inhibitors did not increase the response 
of the rectal temperature to two “histamine analogues”, which 
have pharmacological effects resembling those of histamine. The 
“histamine analogues” used are resistant to histaminase in 
vitro. 

I am grateful to dr. H. O. Scui_p for advice on the statis- 
tical treatment of the data. The technical assistance given by 
Miss M.-B. JOHANSSON was highly appreciated. 

This investigation was aided by a grant from the Medical 
Faculty, University of Lund. 
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Histamine as a Stimulant to the Anterior Pitu- 

itary Gland as Judged by the Lymphopenic 

Response in Normal and Hypophysectomized 
Rabbits. 


By 
JOY FUCHE and G. KAHLSON. 
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It is well established that damage to the body or its component 
cells as well as various adverse conditions may cause a liberation 
of histamine. Even lesser events, not entailing gross cell damage, 
such as allergic reactions in man, asphyxia or elevation of the 
concentration of adrenaline in plasma, are thought to induce a 
liberation of histamine into the blood stream. Because of limita- 
tions in technique and methods so far available it is not known 
just what minimum assault to homeostasis or to the integrity 
of cells is required to shift histamine from the intracellular into 
the extrinsic state. It is, however, well known that conditions 
and procedures effective in liberating histamine will concomitantly 
cause increased activity in the pituitary-adrenal system. This 
coincidence prompts the question whether liberated, extrinsic, 
blood carried histamine may play a part in stimulating the 
pituitary-adrenal system. 

There are several experiments on record, mainly on rats, 
showing that injections of histamine are followed by a reduction 
in adrenal ascorbic acid content and a fall in the number of 
blood eosinophils. References to literature are given, amongst 
others, by Fortier 1952, Guittemin 1955, Swine ie, EISLER, 
Baker, LE Brie and Brannick 1955. The doses of histamine 
used in these experiments on rats, milligrams and hundreds of 


| 
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milligrams per kilogram body weight, exceed by powers the 
amounts which conceivably could be liberated under natural 
conditions and therefore add little information to the pertinent 
problem. Only a few observations with “physiological’’ quantities 
of histamine have so far been published. KULLANDER (1952) noted 
in pregnant women that 10 uwg/kg histamine subcutaneously was 
followed by an eosinopenia and ALEXANDER and AsH (1955) 
observed in the horse that 10—20 ug/kg histamine intravenously 
produced eosinopenia. In these two sets of experiments the effect 
of histamine after hypophysectomy was not investigated. 

For the purpose of the present study the eosinopenic response 
was not chosen as an indicator of enhanced pituitary-adrenal 
activity since it has been demonstrated that in the dog lacking 
both adrenal glands intravenous injection of histamine causes a 
sharp decline in the number of circulating eosinophils (SwINGLE 
et al. 1955). The ascorbic acid content of the adrenal glands was 
also an unsuitable index in the present study because it seemed 
desirable to make several observations in one and the same 
animal. 

The lymphopenic response in unanaesthetized rabbits has been 
found of great value as an indicator of anterior pituitary activity 
(CoLFER, DE Groot and Harris 1950, DE Groot and Harris 
1950). In the present study we investigated in rabbits the lympho- 
penic response to histamine concentrations which are likely to 
fall within the range of those occurring naturally. 


Methods. 


Care of the animals. Adult rabbits of both sexes, weighing 2—3.5 kg, 
were used. Living conditions and treatment were kept as constant as 
possible throughout. The diet consisted of oats, roots, greenstuff, as 
available, and the temperature of the animal quarters was maintained 
at a fairly constant level. The animals were accustomed to handling 
and to the laboratory surroundings, and were brought into the labora- 
tory on the day before any experiment in order to avoid incidental 
discomfort at the commencement of the experiment, which was per- 
formed under uniform, quiet conditions. 

Blood sampling and counting. Blood samples were taken from the 
marginal ear-vein, care being taken to avoid squeezing or rubbing, and 
only freely flowing blood being used. Where possible one ear was 
reserved for injections, the other for blood sampling. Total white 
blood counts were made using a Biirker chamber, the blood being 
diluted 1: 20 with 1 % acetic acid coloured with gentian violet. The 
number of cells in a volume of 0.2 cu. mm of diluted blood was counted, 
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i.e. in 50 small squares on the chamber, each such square having a 
volume of 1/250 cu. mm. Triplicate blood samples were taken, the 
third being counted only when the first two did not agree. Differential 
blood counts were made upon smears stained with May-Griinewald- 
Giemsa solutions. On each smear 300 white blood cells were counted, 
and distinction was made between lymphocytes, monocytes and 
granulocytes. For all blood counts a hand-operated electrical re- 
cording device was used. 

Operations. Hypophysectomy was performed by the parapharyngeal 
route (JACOBSOHN and WestTMAN 1940) and the completeness of the 
removal was controlled by microscopic examination of serial sections, 
10 w thick and stained with haematoxylin-eosin, through the contents 
of and the tissues above the sella turcica. These operations as well 
as the final microscopic contro] were made by Dr. Dora JacoBsoun. 

In some highly excitable animals removal of the superior cervical 
ganglia in the neck, and the great auricular nerves at the base of the 
ear facilitated injection and blood sampling. Demedullation of the 
adrenal glands was achieved using thermocautery, the gland being 
split and the medulla destroyed. 

Emotional stimulation. This was effected by passing a faradic current 
of frequency 50 per second and a pulse duration of 10 milliseconds, 
at 33 volts for a period of 2 minutes, through two electrodes, one 
inserted subcutaneously over the lumbar vertebrae and the other into 
the rectum. The strength of the stimulus was such as to elicit 
tachycardia, polypnoea and signs of emotional disturbance, struggling 
and screaming. Although individual rabbits behaved differently to this 
stimulus, repeated stimulation of one and the same rabbit evoked a 
rather uniform pattern of behaviour. 

Injections. All intravenous injections were made into the marginal 
ear-vein. The volume of all injections was 1.0 ml and the drugs dissolved 
in 0.9 % warm (w/v) NaCl solution. The duration of the injection 
was 2 minutes. 

Drugs. Two preparations of adrenocorticotrophic hormone were used, 
ACTH Armour and an ACTH protein donated by Dr. C. H. Li. Hista- 
mine acid phosphate was used and the doses expressed in terms of 
the base. Solutions of adrenaline and nor-adrenaline were made up 
freshly from the powdered hydrochloride and the 1-arterenol bitartrate 
monohydrate (Sterling-Winthrop). Neoantergan (mepyramine) Merck 
and pyribenzamine HCl Ciba were also used. 


Results. 


The experiments were done in all seasons during the years 
1953—1956. Observations were made on a total of twenty rabbits. 
The responsiveness of the anterior pituitary gland and of the 
adrenal cortex, respectively, was tested at suitable times by 
emotional stimulation and injection of ACTH. Emotional stimula- 
tion has been shown to produce a lymphopenia in the intact 
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but not in the hypophysectomized rabbit (CoLFER, DE Groor | 
and Harris 1950). Responses to injections of drugs were con- | 


sidered significant only in animals and at periods where a control 
injection of 1 ml body warm saline caused a change in the number 
of blood lymphocytes not greater than + 5 %. Blood samples 
for counting were taken at one, two and three hours after injec- 
tion or emotional stimulation. The lymphopenic response is ex- 
pressed as percent change in relation to the initial number. There 
was an interval of at least one day between tests in one and 
the same animal. 

ACTH. In order to test the responsiveness of the composite 
peripheral mechanism, the activation of which results in a drop 
in blood lymphocytes, ACTH was injected at various phases of 
the investigation. On intravenous injection 0.05 mg/kg ACTH 
gave definite lymphopenic responses. The materials prepared by 
ARMOUR and by Dr. Li were about equiactive in our observa- 
tions. The results of experiments with ACTH in sixteen rabbits 
are given in Table 1. From the figures it will be seen that among 
the group of rabbits, and even in one and the same individual, 
the responsiveness to an equal dose of ACTH may vary consider- 
ably. For this reason it can not be expected that injection of a 
substance augmenting the release of ACTH should give consistent 
lymphopenic responses. This is well illustrated in rabbit no. 15 
where 0.025 mg/kg ACTH in test no. 3 gave a definite response 
while the same dose two days later failed to do so. For this reason 
distinct lymphopenic responses appear to be more significant of 
stimulating potency than occasional failures, especially when the 
stimulant is applied at a level around the threshold dose. 

With ACTH Armour the maximum drop in five cases out of 
ten had been reached at 1 hour after injection. With Dr. Li's 
ACTH protein the lymphopenia was greatest at 1 hour in four 
experiments out of nine. 

Following injections of ACTH changes in the number of granulo- 
cytes occurred which even in one and the same animal were rather 
irregular. A granulocytosis was the most frequent result. The 
figures in the tables denote the maximum change in the number 
of granulocytes observed during 3 hours. 

Emotional stimulation. This was done in order to test the 
responsiveness of the anterior pituitary gland to a type of stimula- 
tion known to increase the discharge of ACTH as indicated by 
the lymphopenic response (CoLFER, DE GRoot and Harris 1950). 
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Table 1. 
enic response at 1, 2, and 3 hours following injection of ACTH 3 
is as per ie change from initial 100 %. The Armour preparation 
was used except in experiments marked L, where Dr. LI’s protein was 
injected. Changes in the number of granulocytes in per cent are given 
in the last column. 


Lymp 


| | | 


i | i i 1 at2 at3 | Granulo- 
Rabbit no. Operation | Dose in at 
aa sex | Exp. no. | mg/kg hours | cytes 
: 5 —i — + 75 
3¢ 2 | 005 L —30 45 | 
ll 3 | 11 0.05 — 30 — — — 10 
1 0.1 L —61 —7 —64 | + 450 
23 9 0.1 — 39 — ce + 400 
Hyp.ect. | 
0 0.1 — 37 — Bis 20 
1 | 003 —60 —52 —47 | + 12 
2 0.015 —17 —21 —4 | + 50 
E 0.025 —17 — —32 | + 32 
4 0.025 0 0 0 | — 35 
15 9 6 0.03 L —24 — 24 — 0 
14 0.03 — 13 os + 275 
16 0.03 — 38 0 
17 0.03 —11 
| 01 L —35 —31 —10 | + 6 
11 | 01 —- 
18 | 0.1 —- 56 
— 29 — 54 
Ua — 26 — 0 
19 3 0.1 —62 —55 —30 | + 250 
0.1 L |—14 —27 0 0 
: 0.1 —65 — 24 0 + 400 
8 0.1 — 41 + 
9 0.1 — 58 + 42 
% {Sham 
yp.ect. 1é 0.1 — 31 — _ + 60 
17 | — 40 18 
2 0.1 — 31 
ll. 
—— 28 0.05 —29 —39 — 40 — 20 


| | 
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Table 1. 
continued 
| 
Rabbit no. | Operation Dose in | atl at2 at3 | Granulo- 
and sex | Exp. no. mg/kg | hours | cytes 
| | 
2 0.1 — 36 + 46 
23 3 | 0.1 0 
24 2 0.1 — 32 — | — 
3 0.1 — 34 + 44 
| 
2 0.05 — 30 — 0 
26 9100 ‘—33 — 9 | +900 
27 9 3 0.05 —39 —27 —14 + 20 
0.05 — 32 —13 0 0 
31 Demedull. 
10 0.05 —29 —22 —21 + 12 
| | 0.05 —22 —% —18 0 
32 ¢ Demedull. 
10 1 0 05 32 220 
Demedull. 
89 ¢ (+93 —37 —14 50 


The agent engaged in the process of stimulation appears to be 
humoral, carried presumably from the brain to the pituitary 
gland by the hypophyseal portal vessels (evidence reviewed by 
Harris 1955, Fortier 1956). Harris and his associates (1950) 
have shown that emotional stimulation in hypophysectomized 
rabbits does not produce any lymphopenia, a fact which, in 
addition, provides useful control of the completeness of the 
hypophysectomy. Further, it seemed of interest to compare, in 
individual rabbits, the pattern of response to intravenously in- 
jected histamine and to emotional stimulation. Observations on 
12 rabbits are presented in Table 2. Emotional stimulation 
regularly caused a transient lymphopenia in the intact rabbit. 
In some cases the response was maximal at the first hour, in 
others at the second or third hour after stimulation. The response 
to emotional stimulation is rather variable in magnitude and 
shape, which also applies to the response to ACTH. On comparing 
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| Table 2. 


Effects of emotional stimulation. 


| | 
Rabbit no. | Operation | ati at2 at 3 | Granulocytes 
and sex | Exp. no. hours maxim. change 
| { 
| | 44 34 22 300 
| 9¢ | + 500 
6 — 32 —31 — 20 + 82 
7 — 28 —28 — 40 + 220 
‘ 8 —33 —51 —5l + 310 
123 Hyp.ect. 
— 9 + 10 
12 — 7 — _ + 100 
0 |-8s — — + 10 
15 9 15 19 + 58 
18 Res 44 _ — — 36 
8 —29 —44 —49 + 57 
9 —28 —48 —19 0 
Hyp.ect. 
18 13 — 13 + 22 
14 — 14 + 5 
25 — 34 + 20 
| 
| 6 —33 268 
| {Sham 
2 \ Hyp.ect. 
| 10 —41 —28 —4l 80 
to be | | 11 — 40 — + 26 
| 
itary | | 0 
d by | Hyp.ect. 
95 99 6 —13 —17 —11 — 1 
980) 22 9 21 — 6 — 5 — 35 25 
ized Demedull. 
amie 27 6 8 18 — 62 
the 1 — 18 
In ‘ | Hyp.ect. 
. 23 J 23 | — 8 -13 — 6 32 
26 2 — 5 
ON 
| 
It. 24 9 Hyp.ect. 
in 8 —16 —18 —l( + 23 
19 —20 —22 —12 0 
nse 
ind 


| 
| 
| 
| 
| 
| 
ing 


JOY FUCHE AND G. KAHLSON. 


Table 2. 
continued 
Rabbit no. Operation at 1 at2 at3 Gramulocytes 
and sex Exp. no. hours maxim. change 
u 
4 
31 Demedull. 
iain’ 14 —10 +20 +10 + 68 
17 —25 —10 — 4 + 90 
29 —28 — 2 4 4 0 
| Demedull. 
39 | 9 —10 —13 — 2 + 655 
sis 14 + § —24 — 4 0 
16 —20 —24 —15 50 
| 28 —23 —20 — 8 - 32 
‘ Hyp.ect. 
} 
| Demedull. | 
: 1 —11 —13 + 30 25 
10 —22 —14 — 5 0 
| + 58 


the responses to ACTH and to emotional stimulation in the indi- 
vidual rabbits, presented in Table 1 and 2, no obvious parallelism 
in the responses to the two types of stimulation will be seen. 
Such parallelism is hardly to be expected because emotional 
stimulation induces, in addition to the discharge of ACTH, the 
liberation of adrenaline, nor-adrenaline, and possibly other agents 
interfering with the lymphopenic response. 

After complete removal of the pituitary gland emotional 
stimulation does not cause the typical transient lymphopenia. 
Rabbits no. 18, 21 and 24 deserve comments. In rabbit no. 18 
emotional stimulation 15 and 18 days after hypophysectomy 
failed to induce distinct lymphopenia (13 and 14 % drop at 
1 hour) but was effective in causing this response two months 
after the operation (34 and 22 % drop at 1 hour). Post mortem 
examination revealed a minute hypophyseal remnant. The weight 
of the ovaries was 67+ 69 mg and that of the adrenals 
150 + 125 mg, indicating moderate atrophy only. The return of 
the response to emotional stimulation in this rabbit is probably 
related to regeneration of vascular connections between the tuber 
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cinereum and retained fragments of pituitary tissue as described 
by CoLFER, DE Groot and Harris 1950. The response to injected 
histamine in this rabbit will be discussed in a following paragraph. 

In rabbit no. 21 a sham operation for hypophysectomy was 
performed. From the third week onwards after the operation 
emotional stimulation gave definite responses (41 and 40 % drop 
at 1 hour). In rabbit no. 24 a slight but distinct response 
occurred even after complete hypophysectomy. This rabbit 
showed lymphopenic response to injection of small doses of 
adrenaline as will be seen in Table 5. Confirming CoLFER, DE 
Groot and Harris following emotional stimulation a granulo- 
cytosis was noted in the majority of cases. 

Emotional stimulation after demedullation. In rabbits no. 31, 
32 and 89 the adrenal medulla was destroyed by cauterization. 
The process of cortical regeneration and functional recovery can 
easily be assessed by the gradual return of the lymphopenic 
response to injection of ACTH. It will be seen from Table 2 that 
in these rabbits distinct lymphopenic responses can be induced 
by emotional stimulation and that the magnitude of the response 
increases with the length of time after demedullation. Obviously, 
medullary adrenaline is not an essential part in the lymphopenic 
response to emotional stimulation. Again, this confirms CoLFER, 
DE Groot and Harris who found that denervation of the adrenal 
glands did not alter the lymphopenic response to this type of 
stimulation. 

Injection of saline, significance of response. In the rabbits 
referred to in the various tables 1 ml 0.9 % NaCl was injected 
during 2 minutes in twenty six cases. The mean values obtained 
for changes in the number of lymphocytes at 1, 2 and 3 hours, 
respectively, are as follows: — 3.7 + 0.6 % (26), —2.9+ 0.53 % 
(20), +0.9+ 0.5 % (18). It appears safe to consider a decrease 
in lymphocyte count of 15 % or more as significant. 

Effect of hypophysectomy on lymphocyte count. Observations on 
four rabbits are summarized in fig. 1. From the second week 
after the operation onwards the fluctuations occurring in counts 
made on one and the same rabbit are not greater than in the 
intact group nor is there any obvious difference in the total 
number of lymphocytes between hypophysectomized and normal 
rabbits. This information is given to underline that in the experi- 
ments now to be described the two groups of rabbits are fully 
comparable as regards pre-injection lymphocyte level. 
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Fig. 1. Levels of blood lymphocytes before and after hypophysectomy in four 
rabbits. 


Histamine. As already mentioned it was planned in the present 
investigation to use doses of histamine which in magnitude are 
within the quantities known to be liberated under natural con- 
ditions. We noted that 25 ug/kg histamine, in terms of the base, 
injected intravenously in two minutes, was the smallest dose to 
give a slight lymphopenic response in most cases. In its effect 
this dose was roughly comparable to 0.025 mg/kg ACTH. It 
was therefore decided to use 50 ug/kg histamine as a standard 
dose, and 100 wg/kg for additional information. These doses 
caused no visible changes in the animal. Such doses are likely 
to augment the discharge of adrenaline from the adrenal medulla 
(for literature see EMMELIN and Muren 1949). Adrenaline, in 
turn, induces a lymphopenic response. For this reason the effect 
of histamine was investigated, in addition, in three rabbits after 
destruction of the adrenal medulla. Observations on sixteen rabbits 
are presented in Table 3. In the intact rabbit intravenous injec- 
tion of 50 ug/kg histamine is, with few exceptions, followed by 
a temporary fall in the number of blood lymphocytes. In ex- 
ceptional rabbits, where this dose failed to induce the lymphopenic 
response, the dose was found effective at further trials after 
intervals of one or a few days. In the individual animal the magni- 
tude of the response to repeated injections of histamine is very 
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Table 3. 
Effects of histamine. 
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| 
; Operation Dose at1 at2 at3 | Granulo- 
Rabbit no. {| Exp. no. pg/kg hours | cytes 
| 
| | 
| 4 50 —36 —31 —11 — 
5 | 7 —6 oO; — 
9 50 — 18 
8 |} 80 —38 — 6 — | + 230 
12 fs) 50 —31 — 48 — , + 350 
Hyp.ect. 
13 50 28 — —|+ 34 
| 12 100 —19 —,— 12 
15 | 13 50 — 21 — — — 23 
| 19. | 50 — 37 | + 9 
3 | 50 —32 —27 —32 — 22 
Hyp.ect. 
| 15 50 7 —- — — 10 
18 17 50 0 — 0 
20 50 — 20 - — — 2% 
21 | 50 — 3 — 6 — + 18 
22 50 — 39 — + 82 
19 4 50 — 38 
4 100 —45 —21 —21| + 2 
Sham 
Hyp.ect. 
21 12 100 — 25 — — + 41 
15 50 —i1 — —i+ 12 
18 100 — 13 —_ — — ill 
19 100 — 18 — —;} + 20 
4 50 — 26 = —|— 9 
9 50 —19 — 7 —j|— 40 
10 100 —14 —17 —29 42 
| Hyp.ect. 
= 18 50 4—2 — 4; 0 
23 100 gs — 3 — 2; — 10 
24 100 0 
Demedull. 
30 50 — 2—1l11l — 6 0 
4 50 — 6 _ —| — 53 
9 50 1 - - + il 
10 100 —16 —26 —23 | 0 
23 21 50 —20 —20 —1 | + 28 
| 
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Table 38. 
continued 
: | Operation Dose atl at2 at3 | Granulo- 
Rabbit no. Exp. no. pg/kg hours | cytes 
7 50 |-29 —4 0! 0 
24 8 100 —10 — 7 — 5| + 8 
+ 10 50 | —18 — 8 — 7 0 
5 50 | —12 —10 —' — 4 
25 6 100 — 10 -- — 25 
9 50 | —26 —30 — 12) 0 
5 50 — 21 — —ll — 2% 
26 8 50 —10 —18 — 9 0 
14 100 —28 —26 —22 — 27 
7 25 —li — 7—4 0 
31 Demedull. 
50 — 33 — 22 + 300 
15 | 50 |—38 —12 —12 | + 10 
| 18 | 5d) —15 —37 —23 0 
5 | so |—233 —93 —29 16 
8 50 —24 —21 — 7 0 
'Demedull. 
32 12 50 — —23 —24 4+ 538 
| 13 50 — 15 — 16) 0 
| 15 50 |} —33 —15 —11/ + 5 
17 50 |} —18 —35 + 14 
Hyp.ect. 
33 1 50 i+ 8 +16 +10 + 2 
5 25 0+ 3 4+ 3/ + 15 
Demedull. 
89 5 50 —22 —14 — 5/! 0 
8 50 —27 —20 — 3/4 65 
12 50 — 7 —29 — 5 0 | 


variable. This is also true for ACTH. In seventeen of thirty 
histamine injections where counts were made at 1, 2 and 3 hours 
the maximal drop occurred at 1 hour. Again, a similar pattern 
of response was noted with ACTH. 

After hypophysectomy injection of histamine fails to give the 
lymphopenic response (no. 12, 18, 22, 23, 33). In rabbit no. 18, 
following hypophysectomy, histamine as well as emotional stimu- 
lation failed to induce lymphopenia during the first four weeks 
after the operation. From the sixth week after the operation 
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onwards histamine as well as emotional stimulation became 


| effective, indicating reactivation and regained responsiveness of 


a hypophyseal remnant, as commented on in the preceding 
paragraph on emotional stimulation. Rabbit no. 33 was already 
hypophysectomized at the beginning of these experiments. In 
rabbit no. 21 a sham operation for hypophysectomy was per- 
formed. 

In rabbit no. 22 the adrenal medulla was removed fourteen 
weeks after hypophysectomy. 

Injections of histamine were followed by changes in the number 
of granulocytes which even in the individual rabbit were entirely 
irregular. Similar irregular changes were noted with ACTH as 
seen from Table 2. 

Destruction of the adrenal medulla neither abolished nor signif- 
icantly modified the lymphopenic response to injected histamine 
(no. 31, 32, 89). It thus appears that the lymphopenic response 
to histamine is not mediated by liberated adrenaline. 

Histamine antagonists. There are several reports on the effect 
of histamine antagonists on the ascorbic acid depletion of the 
adrenals and on the eosinopenia induced in rats by enormous 
doses of histamine (for references see SwWINGLE et al. 1955). The 
observations on record are controversial. Neoantergan (mepyr- 
mine), 5 mg/kg, was ineffective in antagonizing the effect of 
150 milligram histamine per kg on the adrenal content of ascorbic 
acid in the rat (NasMyTH 1951), whereas after mepyramine 
(2.5 mg/kg), which by itself caused a small fall in the adrenal 
ascorbic acid, 10 milligram histamine per kg did not add to the 
fall caused by mepyramine alone (NAsMyTH 1953). TEPPERMAN, 
RaKIETEN, Birmie and DieRMEIER (1951) report that histamine 
injections after pretreatment with pyribenzamine give a smaller 
fall in adrenal ascorbic acid than that in control animals, whereas 
GUILLEMIN and Fortier (1953) by ten days of repeated ad- 
ministration of phenergan achieved a complete inhibition of the 
normal adrenal ascorbic acid discharge in response to histamine 
injection. HALPERN and Benos (1952) noted that mepyramine 
prevented the drop in eosinophils caused by histamine in the 
dose of 10 milligram per kg in the rat. In dogs SwincLe et al. 
(1955) found pyribenzamine (1 mg/kg intravenously) without 
significant effect on the number of blood eosinophils and in- 
effective in preventing the profound fall in eosinophils induced 
by solubilized cortisone. 


24—573087. Acta phys. Scandinav. Vol. 39. 
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Table 4. 
Effects of histamine antagonists. NA = neoantergan, P = pyribenzamine, 
- = emotional stimulation. All injections are intravenous except | * 
those marked s.c. = subcutaneously. I = interval in minutes between | if 


injection of antagonist and histamine. ber 
in 
Rabbit no. NA or P Histamine I atl at2 at3 // in 
Exp. no. mg/kg | pg/kg hours 
pe! 
Es 
6 1 | NA sx 300 60 |—31 —8 |] 
5 NA 1.0 300 s.c 60 — 29 — 29 ’ 
7 | NA 10 300 60 |—33 ink 
8 NA 10 500 60 | —23 —10 —10 be 
9 NA 1.0 0 — —27 + 6 13 
10 | NA 2.0 s.c. 0 o +10 — 8 32 | | ar 
11 NA 2.0 s.c. 300 s.c. 60 —21 —30 —21 | fir 
12 | NA 10 sc. 500 sc. | 60 | —28 —32 —32 | | 
on 
8 2 NA 1.0 s.e. 500 60 | —58 — —15 ; aD 
9 NA 2.0 s.c | 0 — 0+ 6 0 
10 NA20s0. | 30050. | 60 |—29 —12 — 6 an 
ef 
22 14 | NA 1b.o 0 — —10 +1 4] 
vi 
Demedull. lik 
31 23 NA 1.0 50 60 + 4 —12 —12 
25 NA 2.0 0 —- |—16 —30 —39 | o 
26 NA 1.0 50 15 — 9 —13 —21 | | H 
27 NA 1.0 E. S. 15 —41 —27 —20 EE 
28 NA Lo 0 — 1 
10 0 +20 + 56 6 
31 |P 1.0 50 30 |— 3 —15 —10 | } 
32 | P to 0 +2 
33 | P 1.0 0 — |+ 6 +27 +28 oh 
Demedull. | 
32 21 NA 1.0 0 a + 2 —10 — 2 ol 
22 NA 1.0 50 15 9 —22 —15 ee 
23 | NA 1.0 0 —— — 3 —12 — 1 
24 NA 1.0 50 15 23 — 3 — 5 
26 | NA 1.0 0 — + 2 —14 7 
27 NA 1.0 0 os —18 + 8 21 Pp 
29 |P 1.0 0 — |e —19 
0 +12 — 8 — 3 } 
0 — 2 —28 —18 | a 
li 
Demedull. 


89 


15 NA 1.0 E. S. 15 —38 —16 — | | 
16 NA 2.0 0 — }+ 5 —30 —16 | f 
17 | NA 1.0 0 — 
18 NA 1.0 50 15 
19 ; NA 1.0 E. S. 1 |—40 —10 +20 | i 
20 | NA 1.0 0 — |-—-18 —7+6 ] | 
22 |P 01 0 as —10 — 6 0 
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Observations on six rabbits are given in Table 4. It may be 


significant lymphopenic responses, 2) that the effect of pyri- 
benzamine on the number of cells is irregular, sometimes resulting 
in lymphocytosis, sometimes in lymphopenia making it useless 
in this study, 3) that neoantergan does not abolish the lympho- 
penic response to histamine or 4) to emotional stimulation. 

It may be questioned whether the doses of antihistamine drugs 
used in the present experiments are adequate to display their 
inherent antagonistic potency. A definite answer appears difficult 
because in the rabbit measurable responses to 50 ug/kg histamine 
are meagre. The doses of antagonists used appear adequate, 
firstly because in some cases they by themselves induce effects 
on the blood cells (Table 4), further, by analogy, because EMMELIN 
and MurEN (1949) have shown that neoantergan and pyribenz- 
amine in doses as small as 10 mg abolish the adrenaline liberating 
effect of 0.6 «wg histamine injected into the coelic artery in the cat. 

Adrenaline. Under the influence of emotional stimulation and 
various offences against homeostasis the adrenal medulla easily 
liberates adrenaline, which is thought to exert a stimulating effect 
on the anterior pituitary gland (for references see Lone 1952, 
Harris 1955 and Fortier 1956). Histamine is also a potent 
liberator of adrenaline. 

CoLFER, DE Groot and Harris (1950) investigated the effect 
of intravenous injection of adrenaline on the blood lymphocytes. 
In seven normal rabbits weighing 2—3 kg and injected with a 
total dose of 6.7 wg, corresponding to 2—3 ywg/kg, these authors 
obtained a definite lymphopenic response in one case (— 24 %), 
one doubtful response (— 13 °%) and five negative responses. 

Our experiments with adrenaline differ from the above men- 
tioned by using somewhat larger doses, 5 and 10 wg per kg, by 
performing the injection more slowly, during 2 minutes, and by 
including observations on hypophysectomized animals. The results 
are presented in Table 5 from which it will be seen 1) that adrena- 
line, 10 pg/kg, in twenty injections out of twenty-two gave a 
distinct lymphopenic response, 2) that the smaller dose, 5 ug/kg, 
caused this response in five of eleven trials, and 3) that hypo- 
physectomy did not abolish the lymphopenic response to adrenal- 
ine. In only eight of twenty-three 3 hours counts did the 
maximal fall occur at the first hour. This pattern seems to differ 
from those caused by ACTH and histamine. The changes in 
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Table 5. 
Effects of adrenaline. 
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; Operation Dose | atl at2 at3 
Rabbit no. | Exp. no. pe/kg | hours cytes 
| 
11 10 —34 + 5 + 8 + 38 
12 10 — 37 —28 —10 + 84 
13 5 — 3 —4— 2 + 230 
99 Hyp.ect. 
ons 19 5 —20 —18 —26 0 
| 20 10 —12 —17 —20 — 21 
Demedull. 
| 29 10 —16 —10 — 2 + 14 
36 10 +11 —16 — 9 + 280 
| 15 5 | —23 —17 —10 + 14 
16 5 —6—7— 7 — 33 
17 10 —22 — 2 +1 + 225 
23 | 18 | 5 —7—2 + 6 — 10 
Hyp.ect. 
| | —22 — 5 + 26 
29 | 10 — 7 —17 —10 0 
30 |} 5 —13 —18 —25 — 24 
35 | 10 —15 —16 16 0 
13 | 10 —17 0 
13 5 +14 +21 +12 + 60 
24 14 5 — 2 —14 — 8 + 14 
15 5 —14 — 4 — 8 + 50 
17 10 — 8 —18 — 7 + 70 
OF 11 10 —10 — 8 — 6 + 72 
” 12 5 —5—1+5 — 58 
10 10 — 33 —12 —10 + 60 
26 11 5 — 7—9 —11 + 22 
13 10 — 1 6+ 9 + 18 
5 10 —10 —22 — 7 + 28 
31 Demedull. 
20 | 10 —24 —26 —17 + 31 
39 Demedull. | 
_ 10 —18 —20 — 5 + 48 
33 Hyp.ect. 
10 —12 —22 —10 + 26 
| Demedull. | 
89 10 — 9 —27 —18 0 
9 10 —15 —16 — 4 + 82 
13 
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Table 6. 
Effects of nor-adrenaline. 
| Operation | Dose atl at2 at3 
Rabbit no. | Exp. no. | pg/kg hours | cytes 
Hyp.ect. + 
Demedu 
22 31 10 0 — 4 + 260 
32 | 10 12 +16 + 46 + 72 
33 10 + 4 —29 —12 + 25 
| 34 | 10 —17 — 7 +12 0 
| 
| Demedull. 
31 16 10 + 2 —12 —12 0 
19 10 0 +17 +6 | + 50 
| 21 10 — 9 —18 — 8 + 32 
‘Demedull. 
32 18 | 10 +1 + 4 0 
| 20 | 10 Sa ee 0 
‘Demedull. 
89 12} 10 — 9 —28 —12 0 
14 10 — 7 —14 — 8 0 


the number of granulocytes following injections of adrenaline 
are as capricious as those observed after ACTH and histamine. 

Nor-adrenaline. Observations on four rabbits are given in 
Table 6. Nor-adrenaline appears less effective than adrenaline 
in causing lymphopenia, the response occurred less regularly, a 
temporary lymphocytosis was noted in three of twelve trials, 
the total pattern of response differs in five of the twelve tests 
from that seen with adrenaline. Contrary to adrenaline and 
other agents tested, nor-adrenaline did not induce granulopenia, 
granulocytosis or no change being the sole responses observed 


so far. 
Discussion. 


Histamine may reach the anterior pituitary gland by two 
routes: 1) from cerebral regions via the hypophyseal portal vessels, 
2) by way of the systemic circulation. 

The first possibility has been discussed in connection with the 
observation that cerebral regions related to the hypophysis (the 
hypothalamus, the median eminence of the tuber cinereum) and 
the anterior pituitary lobe itself contain histamine in high con- 


| 
ranulo. | 
cytes | 
38 
84 
230 lf 
0 | 
21 | 
14 
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14 
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10 | 
0 | | 
24 | | 
0 | 
0 
50 
14 
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centrations (HARRIS, JACOBSOHN and Kau.son 1952). The physio- | 


logical meaning of this finding is still obscure and has recently 
been discussed by SwincLe, Brannick, Barret, LE Brie and 
PaRLow 1956. The part played by histamine as a chemotransmitter, 


ifany,may possibly be revealed or repudiated by studies of the | 
effect and constituents of blood from hypophyseal-portal vessels | 


collected as described by Porter and Jongs 1956. 

The present experiments are concerned with histamine carried 
by the general circulation. The effect of relatively small quantities 
of histamine only have been studied. Can the quantities used in 
the present investigation justly be referred to as physiological? 
It has been shown in the rabbit that the total amount of histamine 
liberated from various tissues and organs in severe antigen- 
antibody reactions is in the neighbourhood of 300 ug/kg (ScHacn- 
TER 1953). It should further be considered that, apart from 
destruction of histamine by: enzymes, a large proportion of histam- 
ine given by injection is captured by the tissues and kept 
there for some time (EMMELIN 1951). Under conditions of natural 
liberation of histamine, particularly when proceeding during a 
period much longer than the two minutes of injection, eventually 
an increasing proportion of liberated histamine will remain in 
the bloodstream, because the capacity of this capturing mechanism 
must be limited. Histamine injections into the carotid artery 
might give useful information on the minimum level of histamine 
effective in stimulating the anterior pituitary gland. This proce- 
dure is at present hardly practicable since the experiments must 
be done without anaesthesia and with quiescent animals, anaes- 
thesia by itself causing lymphopenia. 

The lymphopenic response to histamine is most likely due to 
increased secretion of the pituitary gland since hypophysectomy 
abolishes this response. Adrenaline, liberated by the injected 
histamine, is not essential to the response because removal of 
the adrenal medulla does not significantly alter the lymphopenic 
response to histamine. Further, the histamine doses used do not 
liberate effective quantities of adrenaline, since histamine did 
not induce lymphopenia after hypophysectomy, whereas injection 
of 10 ug/kg adrenaline gave the response even after hypophy- 
seetomy. 

Does histamine act directly on the pituitary gland or on cerebral 
regions controlling the activity of the anterior pituitary? It has 
been reported that the injection of 1,000 ug/kg histamine in 
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> physio. | hypophysectomized rats with adenohypophyseal tissue trans- 
recently | planted into the spleen or into the anterior chamber of the eye 
RIE and | causes a fall in the adrenal ascorbic acid and in the number of 
Smitter, | blood eosinophils, respectively (CHENG, SaveRs, GOODMAN and 
| Of the | SwinyaRD 1949, Fortier 1952). The physiological significance 
Vessels { of these experiments is questioned on the ground that such 

enormous doses of histamine may inflict a nonspecific physico- 
carried | chemical trauma to the cells of the pituitary tissue (GUILLEMIN 
antities 1955). In studies with Saffran’s technique it was noted that 
used in | histamine did not significantly increase the release of ACTH 
ogical? | from isolated rat pituitaries in vitro (SHALLY and SaFFRAN 1956). 
This brings to the fore recent observations on the effect of histam- 


tamine 
ntigen- ine on cerebral structures. According to SawyER (1955) injection 
‘HACH- of 0.25—0.5 milligram histamine (base) into the third ventricle 


from { in rabbits under nembutal anaesthesia is followed by electrical 
| signs of “intrinsic olfactory activity” in the rhinencephalon. This 


istam- 
kept author contends that histamine stimulates the adenohypophysis 
atural via rhinencephalic pathways and not by a direct action on the 
ing a gland. TRENDELENBURG (1956) injected 5 to 100 mug neutralized 
ually | histamine dihydrochloride into the lateral ventricle of the cat’s 
in in | brain and recorded peripheral effects which, on closer analysis, 
nism suggested a direct action of histamine on the central ganglion 
rtery cells of the sympathetic system. In this connection experiments 
mine by CRossLAND and MircHELi (1956) seem relevant. They found 
roce- that injection of 0.04—0.08 ug histamine into the internal carotid 
must artery of the decerebrate rabbit during temporary occlusion of 
\aes- the vertebral arteries had an excitatory action on the cerebellum 
j as recorded by changes in the electrical activity. Thus, histamine 
e to appears endowed with the inherent property, disclosed under 
omy special experimental conditions, of exciting cerebral structures. 
ted Again, indicative of a direct action of histamine on the adeno- 
| of hypophysis are experiments by GRay and Munson (1951). They 
nic | showed that the fall in adrenal ascorbic acid which in the rat 
not occurred after injection of 3—4 mg/kg histamine could be pre- 
did vented by pre-treatment of the rat with cortical steroids which 
jon are known to depress the responsiveness of the adenohypophysis 
1y- {to various types of stimulation (Sayers and Savers 1947). The 
site of action of histamine carried by the general circulation, 
tal | whether directly on the gland or primarily on cerebral structures, 
} could be more definitely established by investigating the lympho- 
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penic response to histamine in rabbits with the hypophyseal stalk | 
transected. Experiments of this type are being planned. . 

Whatever the precise mechanism of the stimulation of the | 
adenohypophysis by histamine, the present experiments suggest 
that histamine, carried by the general circulation in quantities 
which may occur under natural conditions, is a potent stimulus 
to increased pituitary-adrenal activity. 

In completing this discussion the remarkable fact seems worth 
mentioning that in clinical medicine courses of histamine and of | 
ACTH are employed concurrently or as alternatives in the treat- 
ment of various types of allergic disease. The mode of action of 


histamine in this field of therapy may well be to stimulate the | 


pituitary gland to increased discharge of ACTH. 


Summary. 


1. The lymphopenic response to emotional stimulation and to 
injections of ACTH, histamine and adrenaline was investigated 
in unanaesthetized normal, hypophysectomized and demedullated 
rabbits. 

2. Intravenous injection of histamine, 50 ug per kilogram body 
weight, causes a significant lymphopenic response of the same 
type as the response following the injection of ACTH. 

3. After hypophysectomy histamine fails to give distinct 
lymphopenic responses. 

4. The histamine antagonist mepyramine did not abolish the 
lymphopenic response to histamine. 

5. Adrenaline, liberated from the adrenal medulla, is not 
essential in the lymphopenic response to histamine or to emotional 
stimulation. 

6. It is suggested that “physiological” quantities of histamine, 
when appearing in the general circulation, constitute an effective 
stimulus to increased secretion of ACTH from the adenohypophysis. 


This investigation was supported by a grant from the Rocke- 
feller Foundation. We should like to thank Dr. ©. H. Li for giving 
us a supply of ACTH protein. We are most grateful to Dr. Dora 
JACOBSOHN who contributed essentially to this investigation by 
performing the hypophysectomy and the microscopic examination. 
The valuable technical assistance of Miss Epira LEHMANN is 
gratefully acknowledged. 
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Electrical Potential Gradients Through 
Frog Skin. 


By 
LISE ENGBZ&K and T. HOSHIKO?. 


Received 1 March 1957. 


The potential difference across the isolated frog skin amounts 
to about 100 mV, the inner surface being positive. In previous 
microelectrode experiments (OTroson, SsésTRAND, STENSTROM 
and SvAETICHIN 1953) with frog skins in ordinary chloride-con- 
taining Ringer’s it was found that only one potential jump 
accounted for the whole frog skin potential. Similarly Liyprr- 
HOLM (1954) assumed a single membrane to be the major diffusion 
barrier in frog skin. The skin potential is increased to a maximum 
of 150 mV when the chloride ion of the bathing solution is replaced 
by the non-penetrating sulphate ion. The effect on the frog skin 
potential of various sodium and potassium concentrations in the 
bathing solutions suggested that the frog skin potential in the 
absence of penetrating anions is the sum of a sodium diffusion 
potential at the outer border and a potassium diffusion potential’ 
at the inner border of the epithelial cell (KozFoED-JoHNSEN 
and Ussine 1956). This implies that the interior of the epithelial 
cell is at some intermediate potential and corresponding to 
the two cell borders one would expect two potential jumps on 
piercing the skin with a microelectrode. It seemed therefore of 
interest to investigate with microelectrodes the potential gradients 
of frog skins bathed in a solution in which the chloride was 
replaced by sulphate ions. 


1 Research Fellow of the American Heart Association. 
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Methods. 


Preparations. The experiments were performed during the months 
May—September. Abdominal skin from the frog (Rana temporaria, 
oxyrhina or esculenta) was mounted across a perspex chamber with 
the outside surface facing up. The edges were clamped in a perspex 
ring separating the fluids outside and inside the skin from each other. 
The fluid bathing the inner surface of the frog skin was circulated 
with an airstream. The experiments were performed at room tem- 
perature (20°C). 

Solutions. The outside and inside bathing solutions were sodium 
sulphate Ringer’s, containing: 115 meq Na, 5 meq K, 2 meq Ca, 
117 meq SO, and 5 meq phosphate, pH 7.9. 

Electrodes and amplifiers. Ag-AgCl reference electrodes in chloride 
Ringer’s solution were connected by Na,SO, Ringer-agar bridges 
to the bathing solutions in the upper and lower chambers. The elec- 
trode to the upper chamber was grounded. 

The potential difference between the two reference electrodes equalled 
the total skin potential. 

Capillary microelectrodes filled with 3 M KCl (Line and GERarD 
1949, Nastuk and Hopex1n 1950) were used for puncturing the skin. 
The total skin potential and the potential difference between the 
microelectrode and the grounded reference electrode were amplified 
with d. c. amplifiers with cathode follower inputs and visualized on 
a cathode-ray oscilloscope. 

The microelectrodes were selected on the basis of impedance (4—23 
megohms) and a small “tip potential”. In agreement with R. H. 
AprIAN (1956) we found a junction potential between the tip of the 
microelectrode and the test solution. The tip potential was always 
significantly more negative in sodium sulphate Ringer’s solution than 
in 120 mM KCI solution. Microelectrodes with tip potential differences 
in the two solutions of less than 10 mV were selected. 

Experimental procedure. The microelectrode was mounted in a 
micromanipulator and the insertion into the skin was made under 
forty times magnification. The skin was punctured perpendicularly 
from the outside, avoiding the openings of the skin glands, by ad- 
vancing the microelectrode in steps of about 3—5 microns as measured 
by a gauge attached to the micromanipulator. The microelectrode was 
advanced in steps until the potential measured with the microelectrode 
approximated the total skin potential. The graph of the microelectrode 
potential change as a function of the distance from the surface was 
called a “potential profile”. After the experiment electrode impedance 
and oscilloscope baseline were checked, and the experiment was 
rejected if the impedance was less than 3 megohms, or the baseline 
change was more than 5 mV. Skins with total potentials of less 
than 70 mV were rejected. 

Histology. In fresh skins the total thickness was measured with a 
micrometer, and the epithelium thickness as the distance between 
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O/staonce from outside surface 


Fig. la and b. Frog skin potential profile in Na,SO,-Ringer’s. Abscissa: distance 
moved by microelectrode from first negative potential change in p. Ordinate: 
microelectrode potential referred to the outside solution. 


the superficial cornified cells and the chromatophors which could be 
seen through the epidermis at the junction between epidermis and 
corium. 


Results. 


Potential profile experiments. Fourteen skins bathed in sul- 
phate Ringer’s solution had total skin potentials of 73—145 mV 
(inside positive with reference to ground). Twenty-five punctures 
were made. In fifteen of these, profile patterns with two (Fig. 1a) 
or three (Fig. 1b) clear positive potential jumps were found, while 
three had two or more less well-defined jumps. In two only one 
positive potential jump was encountered and five showed gradual 
potential changes. In successive punctures in the same skin at 
different sites the profiles obtained were often quite different 
from each other, not only in the number of potential jumps but 
also in their magnitude. 

In all instances but one the first potential encountered in the 
skin was a negativity (Orroson, SsésTRAND, STENSTROM and 
SVAETICHIN), which reached a maximum of 4 to 60 mV, and 
often showed some fluctuation during penetration. In the 15 
profiles with well defined potential jumps the first positive 
potential jump appeared at a depth of 16—100 yw. As the micro- 
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| g cc c 


epidermis 


corium 


-20 | Fig. 2. Cross section of the skin of the frog (rana temporaria, 4 per cent neutral 
| formalin, hematoxylin-eosin, shrinkage ca. 35 per cent). c. Chromatophor cell. 
ec. Cornified cells. g. Skin gland. 


+40 
ty electrode advanced the potential fluctuated around this value, 


On 
and at 20—75 w deeper in the skin the positive potential suddenly 


distance | approximated the total skin potential in 11 punctures (Fig. 1a), 


dinate: the total distances moved by the microelectrode from the surface 
being 57—166 w. In four instances there were three positive 
uld be potential jumps, the last two jumps at 80—130 wand 140—170 
is and u from the surface respectively (Fig. 1b). The distances between 
| the potential barriers must be considered rough estimates since 
: a certain amount of deformation of the tissue is probable. 
In 21 of the 25 experiments the maximum positive potential 
sul. } recorded by the microelectrode was within 10 mV and in 16 
> mV it was within 5 mV of the total skin potential. The final deficit 
tures in the microelectrode potential could often only be obtained by 
. la) | a rather large movement of the microelectrode, and frequently 
while | did not come in a single jump but gradually. 
one | 
dual ) Correlation between microelectrode position and skin structure. 
n at In the experiments presented here there was no direct evi- 
rent dence of the position of the microelectrode in the frog skin. 


but | Indirect evidence was obtained from microscopic measurement 
of the different layers of fresh and fixed skins. The skin consists 


the | of two layers, epidermis and corium (Fig. 2). Epidermis is com- 
and | posed of 3—6 layers of epithelial cells: the flattened and cornified 
and cells towards the surface give way to more irregular cells in the 
15 | next layers; regular cylindrical cells (stratum germinativum) form 
ive | the inner layer. Just beneath the epidermis is the corium, con- 
ro- nective tissue containing chromatophors and numerous glands 
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Fig. 3. Histograms of the thickness of frog skin epidermis (A) and sites of first 

(B) and second (C) potential jumps in 11 experiments with two potential jumps. 

Abscissa in A: thickness of epidermis in y. Abscissa in B and C: distance moved 
by microelectrode from first negative potential change in p. 


which open at the epithelial surface. Measurements on fresh 
and fixed skins indicated that a shrinkage of up to 40 per cent 
occurred with the fixation employed. The positions of the po- 
tential jumps are therefore compared with the measurements 
on fresh skins, where only the distance from the surface of the 
epidermis to the middle of the chromatophors could be measured. 
The thickness of the epidermis (Fig. 3) was obtained by sub- 
tracting from this value the distance from the inner border of 
the epidermis to the middle of the chromatophors, measured in 
fixed skins. This latter distance was 10 yw, or 14 mu correcting for 
maximal shrinkage. 

The positions of the first and second jump in the eleven cases 
with two positive jumps are indicated in Fig. 3. The site of the 
first positive jump occurs at a depth which corresponds to a 
position within the epidermis. The site of the second positive 
jump may correspond to the deep part of the epidermis or the 
superficial layer of the corium. 
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In the four cases with 3 potential jumps the positions of the 
first, second and third jump were 39—100 uw, 82—130 mw and 
138—192 yw respectively. In these 4 cases the distances moved 
to the third jump were greater than the thickness of the epidermis 
possibly because of deformation or movement of the skin. 


Discussion. 


The first potential change encountered on penetrating the frog 
skin from the outside was a negative one; this is presumably 
a membrane potential of one or more of the cornified epithelial 
cells. The finding that the total skin potential is attained in two 
potential jumps is at variance with the findings of Orroson, 
SJ6STRAND, STENSTROM and SvAETICHIN (1953). The different bath- 
ing solutions used in the two series of experiments cannot account 
for the discrepancy; a few experiments in this series with skins 
in chloride Ringer’s showed the same potential profile as found 
in sulphate Ringer’s. The two positive potential jumps indicate 
that the frog skin potential arises across two barriers at dif- 
ferent depths in the skin. Orroson, SsésTRaAND, STENSTROM 
and Svarticuin found the major jump accounting for the total 
skin potential in chloride Ringer’s to be located across a sub- 
microscopic membrane demarcating epidermis from corium. 
This location may correspond to that of the second positive 
jump in the present experiments, while the first positive jump 
may be more superficial in the epidermis. 

The finding of two potential jumps in the frog skin isin agree- 
ment with the theory of Korrorp-JoHNSEN and Ussine (1956), 
but the present experiments cannot decide whether these two 
jumps are situated at the outer and inner borders of the same 
epithelial cell as proposed by their theory. The distance moved 
between the first and second potential jump (20—70 yu) often 
exceeded the height of the cylindrical cell layer, but this might 
be due to deformation of the skin caused by a higher mechanical 
resistance at the junction between epidermis and corium. Were 
it assumed that the first potential jump is located at the outer 
cell border of the cylindrical cells, it would follow that the cell 
interior is positive referred to the outer extracellular space. 
If the second positive jump occurs as the electrode crosses the 
inner border of the same cylindrical cell a negative potential 
of the cell interior with reference to the inner extracellular space 
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would be indicated. A positive cell interior would be at variance 
with the usual finding of a negative intracellular potential in 
resting muscle and nerve cells. However the situation in the frog 
skin epithelial cells may differ from nerve and muscle since there 
is a transfer of sodium in one direction through the cells, which 
involves that the portion of the cell membrane facing the inner 
and outer skin surfaces have different properties with respect 


to sodium transport. Such a difference in the properties of dif. | 


ferent portions of the membrane of the same cell has been dem- 
onstrated for the active electroplate of electrophorus (KEyYNxs 
and MarTINS-FERREIRA 1953), where during discharge the 
potential across the membrane is positive inside at the nervous 
and negative inside at the non-nervous face. 


Summary. 


The electrical potential gradients through the frog skin bathed 
in sulphate Ringer’s were studied with microelectrodes inserted 
through the skin from its outer surface. 

The total skin potentials ranged between 73 and 145 mV, 
the inside positive with reference to ground. In most instances 
the total skin potential was reached in two, rarely three, distinct 
potential jumps. Comparison with measurements of the frog 
skin thickness indicated that the site of the first jump is in the 
epidermis while the second potential jump may correspond to 
the junction between epidermis and corium. 


We wish to thank Professor H. H. Ussing, Laboratory of Zoophysiology, 
for suggesting this problem. The work was supported by grants from 
the Michaelsen Foundation, Copenhagen and the Rockefeller Founda- 
tion, New York. 
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The sympathomimetic catecholamines nor-adrenaline and ad- 
renaline on the one hand, and acetylcholine on the other have 
been demonstrated in the mammalian heart muscle in varying 
concentrations. The chief sympathomimetic substance of the 
heart is nor-adrenaline (EULER 1946). Stimulation of the cardiac 
sympathetic nerves produces an increase of the total myocardial 
catecholamines which is due, specifically, to an accumulation 
of nor-adrenaline (OuTscHooRN & VoatT, 1952, RaaB & GiGEE 
1953). EULER (1952) postulates that chromaffin cells within the 
heart produce adrenaline, and concludes that adrenaline and 
nor-adrenaline may serve different functions. 

The amount of acetylcholine is increased on stimulation of 
the cardiac vagus (RorHscHuH, 1954). On account of its cholin- 
ergic activity at vagal nerve terminals, acetylcholine exerts a 
specific action upon the heart muscle. In stimulating intracardiac 


| 


synaptic sympathetic structures it also serves as a promotor ' 
of sympathetic activity (HorrmMann, HorrMann, MippLEToN & 


TaLEsNIK, 1945, HeymMans and Bennati 1949). 

Although sympathetic activation, vagal stimulation and the 
effects of adrenaline, nor-adrenaline, and acetylcholine have been 
extensively studied in both mammalian and amphibian hearts, 


these subjects are still of considerable interest since the bioelec- | 


trie potentials associated with the sympathetic and vagal influ- 
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ences are of great importance from a clinical point of view, es- 
pecially in conditions where a separation between functional 
and structural heart diseases is necessary. The sympathetic and 
parasympathetic cardiac nerves have a widespread effect on the 
excitability, conductivity, and contractility of cardiac muscle 
and the fluctuations in the degree of tonic activity manifested 
by the sympathetic and parasympathetic cardiac nerves exert 
influence, among other things, upon the position and magnitude 
of the T wave deflection of the electrocardiogram as the terminal 
phase of membrane repolarization coincides with the T wave. 

There is lack of agreement as regards the similarity or difference 
of the action of adrenaline and nor-adrenaline on cardiac rhyth- 
micity, excitability, and conductivity. Also the action of acetyl- 
choline on these processes is a matter of controversy. Because 
of the physiologic importance assigned to electrical manifesta- 
tions in the heart we feel that this problem warrants further 
investigation. 

This paper describes the electrocardiogram of the perfused, 
spontaneously-beating guinea-pig heart and compares its modi- 
fication by adrenaline and nor-adrenaline, as well as by acetyl- 
choline, which substances were given before and after admini- 
stration of dibenamine and atropine, respectively. Isolated heart 
preparations were used in order to avoid the humoral influences 
and the nervous control as much as possible. 


Material and Methods. 


Male guinea-pigs weighing between 250 and 450 g were anesthetized 
with 18 to 30 mg nembutal (Abbott) intraperitoneally. Tracheotomy 
was made and artificial respiration was begun when the animal’s respi- 
ration became weaker. The thorax was opened as soon as possible and 
a glass cannula was inserted into the aorta. The perfusion fluid flowing 
through the cannula, contained, per liter: NaCl, 8.0 g; KCl, 0.2 g; 
CaCl, + 6 H,O, 0.4 g; MgCl, + 6 H,O, 0.2 g; NaHCO,, 0.2 g; 
NaH,PO, + 1 H,0, 0.06 g; and glucose, l.o g. The temperature 
was kept at 38° C. A mixture of 97.5 per cent oxygen and 2.5 per cent 
carbon dioxide was continuously bubbled through the solution, in 
which the pH ranged between 7.2—7.5. The heart was then dissected 
free, and open vessels were ligated. A perfusion pressure of about 80 
cm of water was employed. With this method the heart could be taken 
out without arrhythmias or with only transient ones. A few cases 
with persisting arrhythmia were excluded. 

After the heart had been connected to the perfusion chamber, one 
electrode was inserted into the fat tissue around the aorta. Two elec- 
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trodes were applied to the surface of the heart against the pericardium 
of the left and right ventricle, respectively. The electrodes were needle- 
formed and covered with a thin layer of cotton, soaked in perfusion 
fluid. In this way the heart was not hurt by the metal of the electrode, 
The potential differences between the left and right ventricles on the 
one hand and the aorta electrode on the other were registered in Leads 
I and II, respectively. A comparatively higher potential over the 
ventricles gave an upward deflection in the electrocardiogram. The 
potential difference between the left and right ventricles was registered 
in Lead III and a comparatively higher potential over the right 
ventricle gave an upward deflection in the electrocardiogram. The 
electrocardiograms were registered by means of an apparatus of type 
Elema Triplex. 

For the experiments l-adrenaline (Rhone-Poulenc), ]-nor-adrenaline 
(Rhoéne-Poulenc), and acetylcholine chloride (Roche) were used. The 
synthetic l-adrenaline and l-nor-adrenaline bases were dissolved in 


N/10 hydrochloric acid and diluted with distilled water. All dilutions | 


were prepared immediately before the beginning of the experiments. The 
varying doses of the substances were administrated by means of single 
injections and each dose was contained in a 1 cc volume. Through 
the injection this volume was further diluted with a volume of 3.5 cc 
of perfusion fluid in the perfusion chamber just above the heart. In- 
jection pressure and injection time were kept as constant as possible. 


Without the test drug, 1 cc of the distilled water caused no electro- | 


cardiographic changes, or, in a few cases, slight ones. 

During one experiment, 2 to 6 adrenaline injections were made on nine 
hearts, 2 to 13 nor-adrenaline injections on twelve hearts and 6 to 8 
acetylcholine injections on five hearts. The adrenaline doses varied 
between 2.73 x 10-7 and 5.45 x 10-2 M, the nor-adrenaline doses be- 
tween 2.95 x 10-7 and 5.91 x 10-° M, and the acetylcholine doses 
between 5.50 x 10-® and 5.50 x 10-* M. The injections were given 
in increasing doses. The period between the injections was sufficiently 
long to allow the heart to return to the pre-injectional state, or nearly so. 

Control material. After the hearts had been contracting for an 
equilibration period of 20 to 30 minutes, the heart rate averaged 172 
beats/min. (range: 115—250 beats/min.). The P wave duration aver- 
aged 0.04 sec. (range: 0.02—0.04 sec.), the P wave amplitude in Lead 
II 0.6 mV (range: 0.3—1.2 mV), the P—R duration 0.08 sec. (range: 
0.06-—0.10 sec.), the QRS duration 0.02 sec. (range: 0.02—0.04 sec.) 
and the Q—T time 0.19 sec. (range: 0.13—0.24 sec.). Four T wave types 
appeared (Fig. 1). 

The response to the test drug was always compared with the values 
obtained during the equilibration period just before the test. 

In order to find out whether the changes in Q—T duration were 
secondary to the variations in heart rate or not, the Q—T duration 
at a certain heart rate before the injection was compared with 
the Q—T atthe same heart rate various times after the injection. 
When this procedure could not be performed, the heart rates at the same 
Q—T duration were compared. The pre-injection Q—T durations 
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4 B C D 


Fig. 1. Control electrocardiograms showing the configuration of the T waves 
in the experiments. Ten hearts belonged to group A, seven to group B, five to 
group C and four hearts to group D. 


and corresponding heart rates were plotted, giving the Q—T/R—R 
relationship for the isolated, perfused guinea-pig heart. Both methods 
were used and gave consistent results. 


Results. 
Electrocardiographic changes after injection of adrenaline. 


The threshold value for adrenaline to cause electrocardio- 
graphic changes, was 5.45 x 10-* M in two hearts and 1.63 x 10° 
M in three hearts. In most cases the acceleratory effect was the 
first sign of the drug followed by changes in T waves and S—T 
segments. 

The heart rate increased with 23 per cent at a dose of 1.63 x 10- 
M, and with 64 per cent at a dose of 1.36 x 10* M. The initial 
average heart rate before the appearance of the acceleratory effect 
was 176 beats/min. 

Cardiac arrhythmias were registered in 10 of 32 experiments 
which showed electrocardiographic changes. The irregularities 
caused by lower doses (5.45 x 10-* — 5.45 x 10 M) consisted 


‘J 
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of ectopic supraventricular discharges or sino-auricular block 
followed by a very brief period of sinus bradycardia. At doses of 
1.36 x 10-* M or more, nodal rhythm and A—V block, complete 
or partial, occurred. Ectopic ventricular discharges appeared 
frequently. In no case did auricular or ventricular fibrillation 
develop. 

The P wave duration became shorter as the heart rate increased, 
The P,; amplitude increased with 0.3 to 0.6 mV on the average, 

The P—R interval was slightly shortened or remained unchanged 
with increasing heart rate. In six experiments, where the dose of 
of adrenaline was 1.36 x 10-*M or more, there was a prolongation 
of the P—R interval. 

The QRS complex showed lengthening in two experiments at 
a dose of 5.45 x 10-° and 5.45 x 10-* M, respectively. The QRS 
amplitude showed no unequivocal changes. 

The Q—T duration was prolonged during the first 30 to 60 secs, 
thereafter, however, a shortening was found. (Fig. 2 a, b). In some 
cases, when large doses (1.36 <x 10-* M) were used, the prolongation 


could be followed by a shortening after only 30 secs. The Q—T | 


values were usually restored within ten minutes. 

Only slight deviations of the S—T' segment were observed at lower 
doses. At higher doses, marked S—T displacement occurred which 
could be above or below the isoelectric level. After the injection 
of the drug, the previously negative and positive T waves became 
less negative or less positive, respectively (Fig. 3). At higher doses, 
the downward and upward T deflections diminished considerably 
and diphasic forms appeared. Occasionally, directional changes 
in the T occurred, i. e. a previously upright T became inverted 
or vice versa. The accompanying S—T deviations resembled an 
injury current with their monophasic complex. In most cases, 
T wave changes preceded the displacement of the S—T segment. 
Two hearts with positive T waves in tracings from the left and 
right ventricle, showed increased deflections after the drug; in 
one of these hearts, however, the changes were preceded by a 
transient decrease of the T wave deflection. 

In most experiments, the high heart rate made it impossible 
to establish the existence of U waves. In some experiments, in- 
cluding those with total block, the heart rate was rather slow and 
no U waves could be seen. 
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QT duration 
in sec. 
adrenaline 
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acetylcholine 
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e 
0.15 
010 + - - ~ - 
25 50 75 100 125 150 175 200 225 250 275 300 
Heart rate 
beats/min. 


2a. Q —T duration in relationship to heart rate 30—60 secs after the injec- 
nor-adrenaline and acetylcholine. The values refer to the maxi- 
and nor-adrenaline, and to the maximal shortening 
for acetylcholine. 
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Fig. 2 b. Q — T duration in relationship to heart rate showing the maximal short- 
ening after injection of adrenaline and nor-adrenaline, and the maximal pro- 
longation after the injection of acetylcholine. These changes followed those illu- 
strated in fig. 2 a. 

All the pre-injectional values of Q — T duration in relationship to heart rate fell 
within the shaded area. The mean values are represented by the heavy line within 
this area. 

The open figures refer to a small dose while filled ones refer to a large dose. 
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LEAD 


B C D 


Fig. 3. Pre-injectional electrocardiogram (A). Prevailing contour changes of 
the S —T segments and T waves after injection of adrenaline (B), nor-adrenaline 
(C), and acetylcholine (D) after a small dose of the drug. For details, see the text. 


Electrocardiographic changes after injection of nor-adrenaline. 


The threshold doses for nor-adrenaline were 2.36 x 10-* M 
in eight hearts and 5.91 x 10-* M in two hearts. In most experi- 
ments, an increase of the heart rate was the first sign of nor-adren- 
aline action whileelectrocardiographic contour changes appeared 
later. 

At a dose of 5.91 x 10-* M the heart rate increased with 14 per 
cent and at 1.48 x 10-* M with 102 per cent. The initial heart rate 
averaged 140 beats per min. 

Cardiac arrhythmias could be registered in 17 experiments out 
of 44 which showed electrocardiographic changes. At lower doses, 
the evoked tachycardia was sometimes interrupted by a short 
period of irregular sinus rhythm or ectopic supraventricular 
discharges. Nodal escaped beats occurred in connection with 
these irregularities. At higher doses, the arrhythmias often con- 
sisted of heart block, complete or partial, and ectopic discharges 
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of nodal and ventricular origin. One heart exhibited a total block 
during the equilibration period before the test drug was given. 
In connection with repeated injections of nor-adrenaline, the ven- 
tricular rate increased and multifocal ventricular discharges 
appeared. When the drug caused a transient total block, the ven- 
tricular rate usually did not decrease. When a total block persisted 
after a few injections, further administration of nor-adrenaline 
caused an increase of the ventricular rate. In two cases ventric- 
ular tachycardia was noted. In one experiment, ventricular fi- 
brillation occurred at a dose of 1.48 x 10-* M. Forty minutes later 
it had disappeared spontaneously. 

The P wave duration was reduced in connection with tachy- 
cardia. No significant changes in the P,;, amplitude were registered. 

The P—R interval remained unchanged or was slightly short- 
ened with increasing heart rate. In a few experiments, however, 
a prolongation of the P—R interval appeared. 

The QRS complex showed unchanged duration except in one 
experiment where a prolongation from 0.02 to 0.04 sec. occurred 
at a dose of 1.48 x 10-*M. The QRS amplitude showed no unequiv- 
ocal changes. 

The Q—T duration showed a prolongation after 30 secs. After 
one minute a shortening was observed (Fig. 2 a, b). Normalization 
of the Q—T duration was usually noted within six minutes after 
the injection. 

S—T deviations and T wave changes were similar to those caused 
by adrenaline. At lower doses the S—T deviations were absent. 
At higher doses the S—T deviations resembled an injury current 
with their monophasic complex. The minimal effect was a reduc- 
tion in T wave amplitude: the previously negative or positive T 
wave became less negative or less positive, respectively (Fig. 3). 
In two hearts, the previously flattened, slightly diphasic T wave 
in Lead I became positive and the negative T waves in Leads II 
and III more negative after administration of nor-adrenaline. 


No U waves were observed. 


Electrocardiographic changes after injection of acetylcholine. 


The threshold value for electrocardiographic changes was 
5.5 X 10-7 M in all hearts except one where a dose of 5.5 x 10-* M 


was necessary. 
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When acetylcholine was added in a dose just above the threshold 
value the heart rate decreased. Higher doses caused ventricular 
standstill and still higher doses were followed by auricular stand- 
still, too. Ventricular standstill was registered in twelve experi- 
ments. In nine of these experiments the standstill was preceded by 
a brief period of decreased rate, in the others the standstill 
appeared suddenly. 

Arrhythmias were frequent. Lower doses caused block of the 
first or second degree. With increasing doses total block and ventric- 
ular standstill occurred; still higher doses were followed by auric- 
ular fibrillation or auricular standstill. Auricular ectopic dis- 
charges occurred. Sometimes a brief paroxysm of auricular fi- 
brillation could be registered as a series of rapid, fairly regular 
oscillations during the ventricular standstill. In experiments 
showing rapid auricular fibrillation this state was often accompa- 
nied by a regular ventricular rhythm. In these experiments the 
fibrillatory waves showed a frequency which could be as high as 
1 800 to 3 000/min. As the effect of the drug wore off, the auric- 
ular fibrillatory waves either became coarser and accompanied 
by an irregular ventricular rhythm or gave way to sinus rhythm. 
In cases of auricular and ventricular standstill the auricles were 
the first to show activity. In a few experiments ectopic ventric- 
ular discharges could be registered during auricular standstill; 
ventricular discharges often initiated a more regular ventric- 
ular activity. 

The P wave duration and amplitude decreased. In 10 experi- 
ments out of 33 showing ECG changes, the P waves became 
notched (saw-tooth appearance) and in 10 diphasic. Sometimes the 
saw-tooth appearance was the only sign of acetylcholine action. 

The duration of the QRS complex remained unchanged and the 
amplitude showed no unequivocal changes. 

The first change noted in the Q—T duration was a shortening, 
which in some cases after one minute was followed by a prolonga- 
tion (Fig. 2a, b). The pre-injection values were obtained after 
six minutes. 

At lower doses no S—T deviations could be observed, at higher 
doses there were slight deviations preceded by T wave changes. 
In 20 experiments the previously positive or negative T waves 
became more positive and negative, respectively (Fig. 3). In five 
experiments, however, the T waves behaved the other way round. 

In no experiments could a U wave be demonstrated. 
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Blectrocardiographic changes caused by adrenaline and nor-adren- 
aline after the administration of dibenamine. 


In one animal weighing 460g, 10 mg of dibenamine (N-N- 
dibenzyl-f-chloroethylamine) were given intraperitoneally one 
hour before the experiment. The drug had no inhibiting action 
on any of the electrocardiographic changes caused by 5.9 x 10° M 


nor-adrenaline and 5.45 x 10-* M adrenaline. 

In other experiments on three hearts, dibenamine was dissolved 
in the perfusion fluid (20 mg dibenamine per liter perfusion 
fluid). This dibenamine concentration inhibited the action of low 
concentrations of adrenaline (1.63 M) and nor-adrenaline 
(5.91 x 10-* M), sometimes also that of somewhat higher con- 
centrations. When a large dose of adrenaline (1.36 x 10-* M) 
and nor-adrenaline (1.48 x 10-* M) was given, however, no inhib- 
itory effect was found. In both experiments, ventricular tachy- 
cardia occurred and in the nor-adrenaline experiment also tran- 
sient ventricular fibrillation. 


Electrocardiographic changes caused by acetylcholine after the ad- 
ministration of atropine. 


Two guinea-pigs weighing 350—400 g were treated with 1 mg 
of atropine one hour before the preparation of the heart. Acetyl- 
choline at doses of 5.5 X 10-7Mand 5.5 x 10-* Mcaused no electro- 
cardiographic changes whatever. At a dose of 5.5 x 107° M a slight 
increase of the heart rate was noted in two experiments. S—T 
segments and T waves showed no changes. 


Discussion. 


Observations by Nathanson and Miller (1950) showed that nor- 
adrenaline had only a very slight direct chronotropic action on 
the human heart ventricles in complete block, while adrenaline 
produced a marked and sustained increase in the ventricular rate. 
In artificially driven hearts, Brooxs, HorrMan, SucKLING and 
Or1as (1955), however, could show that both nor-adrenaline and 
adrenaline increased the intrinsic ventricular rate in dogs and 
produced ectopic ventricular rhythms. In six experiments in the 
present investigation where a complete block developed and per- 
sisted after a few nor-adrenaline injections, repeated administra- 
tions of this substance caused a marked increase of the ventricular 
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rate and evoked multifocal ventricular discharges. When the dru 
caused a transient complete block during the tachycardia phase, 
the ventricular rate usually did not decrease. 

The observations of Rass (1956) on atropinized cats suggested 
that nor-adrenaline was less prone to evoke rhythmic disturb- 


ances than adrenaline. The present study, however, showed that | 


nor-adrenaline is at least as potent as adrenaline in developing 
cardiac arrhythmias in isolated perfused guinea-pig hearts, which 
is in accordance with the investigations of GREINER and Garp 
(1950) on papillary muscles. 


Adrenaline is said to prolongate the Q—T duration Ganecuis 


1951). Remineton and AHLQuIsT (1953) were unable to show 
that adrenaline or vagal stimulation had a specific effect upon 
the Q—T duration in experiments with anesthetized dogs. The 
present work showed that after administration of adrenaline 
and nor-adrenaline the Q—T duration was first prolonged and 
then after 30 to 60 secs. shortened. A similar result is described 
by Garp (1953). In this kind of experiments it is thus important 
to make continuous registrations. In addition, the usual formulas 
(those reported by Bazett, ASHMAN, and ScHLAMo- 
witz — for literature see LEPESCHKIN 1951) may give contrary 
results in determining the Q—T corrected for heart rate in animals 
of different kinds. It is important, therefore, either to make a spe- 
cial Q—T/R—R relation curve for the animal in question, or to 
compare the Q—T durations at the same heart rate, or the hearts 
rates at the same Q—T durations. 

In experiments on atropinized cats, RaaB (1953) showed that 
adrenaline and nor-adrenaline caused a transient flattening or 
inversion of the T wave followed by an elevation. Gar (1953) on 
the other hand, was able to demonstrate a definite increase of 
the T deflection in isolated cat papillary muscle, followed by a 
depression or inversion of the T wave in some experiments. Brooks, 
HorrMan, SucKLING and Ortas (1955) reported that adrenaline 
as well as sympathetic stimulation increased the voltage of the 
T wave in unipolar ventricular electrogram in dog. The results 
of the present study showed that in most experiments the minimal 
effect of adrenaline and nor-adrenaline was a reduction in the amp- 
litude of the T wave: the previously positive or negative T wave 
became less positive or less negative, respectively, This reduction 
was at higher doses followed by a diphasic form and thereafter 
sometimes by directional changes, i. e., a previously upright T 
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wave became inverted or vice versa. In some hearts, however, 
the two substances caused an increased deflection of the T wave: 
the previously positive or negative deflection became more posi- 
tive or more negative, respectively. 

There is general agreement that acetylcholine causes a Q—T 
shortening (for literature, see LEPESCHKIN 1951). The present in- 
vestigation showed that acetylcholine decreases the Q—T dura- 
tion. In some experiments, however, a prolongation followed the 
initial decrease. 

Coun and MacLeop (1941) demonstrated a definite increase 
in the height of the T wave after administration of acetylcholine 
in the denervated dog; according to LEPESCHKIN (1951) this hap- 
pened in animals when small doses were used, while larger doses 
might cause an inversion of the T wave. In frog heart acetylcholine 
caused an initial suppression or reversal of the T wave or made 
it disappear completely (BakeR and Baker 1955). 

In most experiments of the present investigation the T waves 
showed increased deflection after administration of acetylcholine, 
so that a previously positive or negative T wave became more 
positive or more negative, respectively. In some experiments, 
however, either in connection with repeated injections or after 
a prolonged ventricular standstill, the opposite was seen. 

* * 

The mechanisms involved in cardiac function are very complex 
since they depend on factors which cannot be considered as inde- 
pendent variables. 

Adrenaline appears to be involved in the regulation of the ex- 
citability of parasympathetic ganglia (MIDDLETON and TALESNIK 
1949) and possibly involved in the production or activity of acetyl- 
choline; on the other hand acetylcholine besides its cholinergic 
activity seems to stimulate the synaptic sympathetic structures 
in the myocardium (for literature, see RaaB 1953). 

Lack of agreement of some reports concerning the action of 
adrenaline, nor-adrenaline, and acetylcholine may be due to 1) dif- 
ferent experimental conditions, 2) differences between species, 
and 3) interpretation difficulties caused by the complex inter- 
action between catecholamines and acetylcholine. 

It cannot be assumed with certainty that experimental obser- 
vations on animals would apply also to man. It would be of con- 
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siderable interest to study the bioelectric potentials associated 
with the sympathetic and vagal influences directly in the human 
cardiac muscle. Further studies on this subject are in progress, 


Summary. 


1. The effect of increasingly large doses of adrenaline, nor-ad- 
renaline, and acetylcholine on the electrocardiogram of the iso- 
lated, perfused guinea-pig heart was studied before and after ad- 
ministration of dibenamine and atropine, respectively. 

2. The threshold value for nor-adrenaline to cause electrocardio- 
graphic changes was lower than that for adrenaline. The chrono- 
tropic effect seemed to be the same for the two substances at low 
doses, while at higher doses nor-adrenaline seemed to be the more 
effective positive chronotropic agent. Cardiac arrhythmias were 
observed in about one-third of the experiments and nor-adrenaline 
appeared to be as potent as adrenaline in developing conduction 
disturbances and evoking ectopic discharges. Adrenaline increased 
the amplitude of the P wave, while nor-adrenaline had no effect 
on the amplitude. There was no difference between the two sub- 
stances as to the changes in the P—R interval, Q—T duration, 
S—T segment, or on the T waves. At lower doses the P—R interval 
was shortened; a prolongation was seen at high doses. The Q—T 
duration was first prolonged, but 30 to 60 secs later a shortening 
appeared. The T waves showed reduction in amplitude, so that 
a previously positive or negative T wave became less positive 
or less negative, respectively. In some hearts the opposite results 
were seen. At high doses a previously positive T wave could become 
negative and vice versa. 

3. After dibenaminization, slightly higher threshold values of 
adrenaline and nor-adrenaline were necessary in order to produce 
electrocardiographic changes. At higher doses of the two sub- 
stances, dibenamine could not abolish or decrease the chronotropic 
effect or electrocardiographic contour changes. 

4. At lower doses acetylcholine produced decreased auricular 
rate, with increasing doses heart block occurred, partial or com- 
plete. A propensity to evoke auricular fibrillation was evident. 
Kctopic auricular or ventricular discharges occurred. The P wave 
often became notched, its amplitude and duration decreased. In 
some experiments the Q—T duration was shortened and was fol- 
lowed by a lengthening. The T wave amplitude increased so that 
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a previously positive or negative T wave became more positive 
or more negative, respectively. 

5. The inhibitory effect of acetylcholine was abolished by atro- 
pine. High doses of acetylcholine caused acceleration of the heart 


rate in atropinized hearts. 
This work was supported by a grant from the Faculty of 
Medicine of the University of Lund. 
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Enzymic Oxidation of Some Substances 
Related to Histamine. 


By 
S.-E. LINDELL and H. WESTLING. 
Received 7 March 1957. 


It is known that there exist amines which are chemically 
related to histamine and which have pharmacological actions 
very similar to those of histamine (i. a. WALTER, Hunt and 
FosBINDER 1941, Scuitp 1947, LEE and Jones 1949). The 
enzymic inactivation of these substances has received relatively 
little attention. ARUNLAKSHANA, MonGaR and ScuHILp (1954) 
found that two substances examined by LEE and Jongs, i. ¢., 
2-f-aminoethyl pyridine and 3-f-aminoethyl pyrazole, both 
substances with histamine-like action, were not inactivated 
by histaminase. This enabled ARUNLAKSHANA et al. to use 
these two substances to demonstrate the specific action of 
histaminase inhibitors in sensitizing isolated guinea-pig organs 
towards the action of histamine. 

Observations on the effects of histaminase inhibitors on the 
response to histamine in cats and guinea-pigs have already 
been reported (LINDELL and WEsTLING 1956, WESTLING 1956). 
In the course of these studies, it became desirable to investi- 
gate the action of histaminase and amine oxidase on some 
histamine-like substances. It was found that some of these 
substances were oxidized by enzyme preparations that con- 
tained amine oxidase, but that they were not oxidized by hista- 
minase preparations. 


From the Department of Pharmacology, Oxford University, Oxford, 
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Experimental. 


Histaminase preparations. Partly purified histaminase was pre- 
pared from pig kidneys as described by ARVIDSSON, PERNOW and 
SWEDIN (1956). The procedure involved heating to 62° C for 10 
minutes and precipitations with acetone and ammonium sulphate. 
The final precipitate was dissolved in distilled water and dialyzed 
for 48 hours against 2.5 % NaCl. This enzyme preparation did not 
oxdize sympatol, which was used as a typical substrate of amine 
oxidase. 

An extract of cat kidney, which oxidized histamine but not sym- 
patol could be obtained by centrifuging a crude tissue extract in 
0.067 M sodium phosphate buffer (pH 7.4; 2 ml of buffer for 1 g of 
tissue) at 25000 g for 2 hours. The supernatant was pipetted off; 
it is referred to as cat kidney histaminase preparation in the text. 


Amine oxidase preparations. Preparations with amine oxidase 
activity were obtained from guinea-pig and rabbit liver and from 
cat kidney. The fresh tissue was ground thoroughly in a mortar and 
0.067 M sodium phosphate buffer (pH 7.4) added (2 ml of buffer 
for 1 g of tissue). The preparations were dialyzed for 18—24 hours 
against running tap water and then stored at - 20°C. 


Measurement of oxygen consumption. Oxygen consumption was 
measured manometrically by the Warburg method. The enzyme pre- 
paration (0.3 ml of the pig kidney preparations; 1.0—2.4 ml of the 
others) and a suitable amount of 0.067 M sodium phosphate buffer 
(pH 7.4) were put in the main compartment of the Warburg vessels. 
The central tube contained 0.3 ml of 1 M KOH. The solution of 
substrate or the same volume of distilled water (for “enzyme blank’’) 
were put in a side bulb. Inhibitors were usually tipped in from a 
separate side bulb at the same time as the substrate was added. In 
some experiments, mentioned in the text, the inhibitor was present 
in the enzyme solution during the whole period of temperature 
equilibration. Readings were taken every 5 minutes. None of the 
substances used were oxidized in the absence of enzyme preparations. 
The oxygen consumption caused by the enzyme preparations in the 
absence of substrate (‘enzyme blank”) was subtracted. The oxygen 
consumption and the percentage inhibition were, if possible, cal- 
culated from readings taken during the first 15 minutes of the 
reaction. During this time the oxygen uptake was approximately 
linear. 

The initial concentrations of substrate, after tipping, were 0.01 M 
in the experiments with amine oxidase, in those with histaminase 
either 0.01M or 0.002 M. Substrates and inhibitors were dissolved 
in distilled water and the solutions neutralized with NaOH (to give 
green colour with bromothymol blue). 

The influence of cyanide ions on oxygen consumption was studied 
in some experiments. A solution of Ca(CN),+Ca(OH), was pre- 
pared and analyzed for cyanide content as described by RoBBIE 
(1948). Amounts of Ca(CN),, calculated by RoBBIE to be in equili- 
brium with 10-° M of cyanide in the enzyme solution, were put in 
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the central tube of the flasks. Neutralized KCN was added to the 
enzyme preparation to make a final concentration of 10—* M. 

The temperature of the water bath was 37.5° C. The gas phase in 
all experiments was oxygen. Glass-redistilled water was used. 

Measurement of “ammonia”. In some experiments with guinea-pig 
liver preparations the amount of volatile base formed during the 
manometric experiment was measured. The method for determining 
the amount of volatile base was essentially the same as that described 
by CoTziAs and DOLE (1951). In a manometric experiment, when a 
suitable amount of oxygen had been taken up, the manometer with 


substrate and enzyme and a corresponding one containing “enzyme | 


blank” were quickly taken out of the bath and opened; 0.5 ml of the 


reaction fluid were rapidly transferred to the outer compartment of | 


a Conway unit. The inner chamber of the Conway unit contained an 
indicator solution (boric acid with methyl red and bromocresol green), 
The outer compartment contained 1 ml saturated potassium meta- 


borate within silicone walls. The units were sealed and reaction fluid | 
and metaborate mixed. The units were left for 2 hours at room {| 


temperature for equilibration. The indicator solution was then pipett- 
ed off quantitatively and titrated back to the original colour with 
0.01 N HCl. A microsyringe (Burroughs Wellcome) was used for 
the titrations. Amounts of volatile base found in the “enzyme blank” 
and in the substrate solutions were subtracted. 

Substances*. L-p-sympatol hydrochloride, histamine acid phosphate, 
cadaverine dihydrochloride, aminoguanidine sulphate, semicarba- 
zide dihydrochloride and 1-isonicotinyl-2-isopropyl hydrazine (ipronia- 
zid, Marsilid Base ‘‘Roche’”’) were used. 

The 7 histamine-like substances investigated were all used as the 
dihydrochlorides. The pharmacological actions of 6 of these com- 
pounds have been studied by LEE and JONES (1949); the latin figures 
are the numbers given by these authors to the different compounds. 
The substances were: 1-methyl-4-f-aminoethyl imidazole (referred to 
as methylhistamine, III), 4-f-aminoethyl thiazole (V), 2-f-amino- 
ethyl pyridine (VIII), 2-f-aminoethyl pyrimidine (IX), 2-f-amino- 
ethyl imidazole (XIII) and 3-f-aminoethyl pyrazole (XXIV). The 
seventh substance studied was 3-f-aminoethyl-1, 2, 4-triazole, de- 
scribed by AINSWORTH and JONES (1953). The structural formulae 
of the substances examined and their relative histamine-like activi- 
ties are given in fig. 1. 


Results. 


1. Histaminase preparations, All the amines were 
incubated with the partially purified histaminase preparation 
from pig kidney. The results are shown in fig. 1, which gives the 


* We are most grateful to dr. Reuben G. Jones of the Eli Lilly Research 
Laboratories, Indianapolis, Indiana, U.S.A., who gave us the histamine-like 
substances. Hoffmann-La Roche AG, Basel, Switzerland, kindly supplied us 
with iproniazid. 
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HISTAMINE— LIKE OXIDATION BY 
“Hil 


SUBSTANCE NO. ACTIVITY “AMINE TAMI 
[HISTAMINE 


2-B-AMINOETHYL IMIDAZOLE 


3-B-AMINOETHYL PYRAZOLE 


HC— ‘CH, ‘NH, 

HO. N 
NH 


I-METHYL-4-B-AMINOETHYL IMIDAZOLE 


0.6 18 150 


NUN 
4 

He 


4-B-AMINOETHYL THIAZOLE 
CH 


3-B-AMINOETHYL-I,2,4-TRIAZOLE 
N— C-CHo-CHe ‘NH, 

H 
2-B-AMINOETHYL PYRIDINE 


CH 
5 25 0 


Fig. 1. Structural formulae of the histamine-like substances examined and 
their respective numbers after Lee and Jones (1949). The relative histamine- 
like activity on the guinea-pig’s isolated ileum (after Lee and Jones, 1949, 
and Ainsworth and Jones, 1953) is given in the first column. The figures 
in the second and third columns give the oxygen uptake with amine oxidase 
preparations (guinea-pig liver) and histaminase preparations (pig kidney) 
as per cent of that of an equimolar amount of sympatol and histamine, 
respectively. 
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oxygen consumption noted with the various substances in per 
cent of that with an equimolar solution of histamine. The oxygen 
consumption with 2x10-*M histamine was about 25 mm! 
during the first 15 minutes. An oxygen uptake was found with 
three of the substances tested, 7. e., with compounds IIT, XIII 
and XXIV. The action on compound III will be described 
later in this section. The oxygen uptake caused by compounds 
XIII and XXIV was about 10 % of that of histamine. Each 
one of the amines tested depressed the oxidation of histamine, 
when added simultaneously to the enzyme preparation. Com- 
pound XIII was most effective in causing a depression; it 
reduced the oxidation of histamine (initial concentration 
2x10-*M) by about 50 % when present in a concentration 
of 8x10-°M. Compound XIII also depressed strongly the 
oxidation of cadaverine by the pig kidney histaminase pre- 
paration. The percentage reduction of the oxidation of hista- 
mine, caused by the other substances was smaller; in a con- 
centration of 2x10-*M it varied between 17 and 28. Com- 
pound XIII was thus found to be a strong inhibitor of hista- 
mine oxidation. Although weaker than aminoguanidine (see 
table 2), it was about as effective as semicarbazide, which 
gave 50 % inhibition at a concentration of about 10-* M and 
identical conditions. 

Two of the substances that were not oxidized by the pig 
kidney histaminase, 3-f-aminoethyl-1, 2, 4-triazole and 2-/- 
aminoethyl pyridine (VIII), were also studied with the hista- 
minase preparation from cat kidney. This enzyme preparation 
oxidized both cadaverine and histamine but addition of the 
triazole compound or compound VIII gave no measurable 
oxygen uptake. 

Methylhistamine (compound III) was found to be oxidized 
by the partially purified pig histaminase preparation at a 
higher rate than histamine (table 1). The oxygen uptake by 
methylhistamine was about half of that seen with an equimolar 
amount of cadaverine. When methylhistamine and cadaverine 
were added simultaneously to the enzyme preparation the 
oxygen uptake was competitive, not additive (fig. 2). The 
same results were obtained with methylhistamine versus hista- 
mine. When methylhistamine and histamine were added simul- 
taneously to the enzyme preparation in concentrations of 
10-*M the oxygen uptake was also intermediate between 
those with the two amines, when studied separately. The oxida- 
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Table 1. 


Comparison of the oxidation of cadaverine, histamine and methyl- 
histamine by a histaminase preparation (pig kidney). The figures 
given are mm of oxygen consumed during the first 15 min. 


initial substrate | initial substrate 
Substrate conc. 10-2 M conc. 2- 10-3 M 
cadaverine 63 49 
histamine 16 
30 26 
imidazole 
Table 2. 


Inhibition by aminoguanidine of oxidation of cadaverine, histamine 

and methylhistamine by a histaminase preparation (pig kidney). 

Initial substrate concentrations 2+ 10—* M. The aminoguanidine was 
added simultaneously with the substrate. 


| % inhibition by aminoguanidine 
Substrate 
| M|10—-*-M|10—7-M 
| cadaverine 100 98 76 11 
histamine 82 39 18 10 
1-methyl-4-f-aminoethyl 97 45 13 3 
imidazole | 


tion of the methylated derivative was, in contrast to that of 
histamine, not diminished at a concentration of 10~° M (table 
1). The oxidation of methylhistamine was inhibited by amino- 
guanidine in the same degree as was the oxidation of hista- 
mine (table 2). 

Methylhistamine was also oxidized by a chromatographi- 
cally purified histaminase preparation from pig kidney, the 
relations between the oxidations of cadaverine, methylhista- 
mine and histamine being essentially the same as found with 
the less pure preparation’. 

The action on methylhistamine of the preparation of hista- 
minase from cat kidney was studied in one experiment. This 
preparation did not oxidize sympatol. Methylhistamine and 


* The chromatographically purified histaminase preparation from pig 
kidney was kindly given to us by dr. B. Swedin. It had been prepared as 
described by Arvidsson, Pernow and Swedin (1956). 


4 


376 S.-E. LINDELL AND H. WESTLING. 


mm 
X CADAVERINE 
50+ 
x 
40} 
CADAVERINE + 
METHYLHISTAMINE 
x 


© METHYLHISTAMINE 


METHYLHISTAMINE + 
HISTAMINE 


CADAVERINE + 
HISTAMINE 


20 


HISTAMINE 


20 MIN. 


Fig. 2. Oxidation of cadaverine, histamine and 1-methy]-4-6-aminoethyl 
imidazole (methylhistamine) by a pig kidney histaminase preparation; initial 
substrate concentrations 2 X 10-3 M. 


histamine were oxidized at about the same rate; the oxygen 
uptake with cadaverine as substrate was 2.5 times that with 
histamine. 
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9 Amine oxidase preparations. The results of the 
experiments with preparations of amine oxidase from guinea- 
pig or rabbit liver and from cat kidney are given in table 3. 
Histamine was not oxidized by the liver preparations with 
the incubation times used. The cat kidney extracts, however, 
oxidized both histamine and cadaverine, presumably because 
they contained histaminase (LINDAHL, LINDELL, WESTLING 
and WHITE 1957) in addition to amine oxidase. To exclude 
the action of histaminase, the experiments with cat kidney 
preparations were carried out in the presence of aminoguani- 
dine (10-* M), added to the enzyme 20 minutes before adding 
substrates. The addition of 10~* M aminoguanidine abolished 
the oxygen uptake with both cadaverine and histamine. 

The rate of oxygen uptake by preparations of amine oxidase 
in the presence of a histamine-like substance was always com- 
pared with the rate in the presence of an equimolar amount 
of sympatol. It may be seen from table 3 that all substances 
except 3-$-aminoethyl triazole and compound XIII caused a 
small oxygen consumption. The rate of oxidation of the hista- 
mine-like substances, as compared with sympatol, varied slight- 
ly in different enzyme preparations from the same tissue. 
This variation was more marked for methylhistamine. In 
different preparations of guinea-pig liver the relative rate of 
oxidation of methylhistamine varied from 10 to 30 per cent 
of the rate of oxidation of sympatol. When a histamine-like 
substance was added together with sympatol the rate of oxygen 
uptake was intermediate between the rates for histamine-like 
substance and sympatol, when studied separately. The sub- 
stances with a sixmembered ring (compounds VIII and IX) 
were more effective than the others in depressing sympatol 
oxidation by guinea-pig liver preparations. 

Some species differences in the relative rates of oxidation 
of the different substances were observed. Thus compound V 
was oxidized at twice the rate of sympatol by rabbit liver, 
whereas with guinea-pig liver the rate of oxidation was one- 
third of that of sympatol; compound VIII was oxidized by 
eat kidney preparations at about the same rate as sympatol, 
but by the rabbit and guinea-pig enzyme at about one-third 
of the rate with sympatol. 

The oxygen uptakes observed in these experiments were 
tentatively ascribed to the action of the amine oxidase present 
in the crude tissue preparations used. In order to test this 
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Table 3. 


Oxidation of histamine-like substances by amine oxidase preparations 
from guinea-pig and rabbit liver and from cat kidney. The values 
refer to the oxygen uptake expressed as per cent of that seen with 
sympatol (25—80 mm’ O,) during the first 15 min. The figure 
within parentheses represents the per cent change in oxygen uptake 
from that of sympatol, when the histamine-like substance and sym- 
patol were incubated simultaneously. Initial concentration of all 
substances was 10-2 M. The figures are the mean values of results 
of two or more experiments. 


Enzyme preparation 


guinea- 
pig liver 


Substances No. 


rabbit liver | cat kidney 


2-f-aminoethyl imidazole | XIII | 0 (-19) 
|3-f-aminoethyl pyrazole |XXIV/11(- 9) - 
1-methyl]-4-f-aminoethy] III (-36)| 36 (- 38) | 34 (-51) 
imidazole 
4-§-aminoethyl thiazole (-20)|200 (+175) 
3-f-aminoethy] triazole 0 (- 25) 0: (= 0) 
2-f-aminoethyl pyridine VIII |82 (-52)| 33 (- 65) 110 (+ 5) 
2-f-aminoethyl pyrimidine| IX |25 (-68)| 20 (- 80) - 


hypothesis it was attempted to find out whether the reaction 
was accompanied by a formation of ammonia. The amount of 
volatile base formed during the reaction was measured using 
the method of Cotzias and Doe (1951). The oxidation of 
sympatol and of compounds V, VIII and IX and methylhista- 
mine by guinea-pig liver preparations was accompanied by the 
formation of a volatile base. The ratio betweeen micromoles 
of volatile base formed and micromoles of oxygen consumed 
varied between 1.1 and 1.9. When sympatol and a histamine- 
like substance were incubated together the amount of volatile 
base formed was intermediate (fig. 3). 

The oxidation of the substances tested was not affected by 
10-* M aminoguanidine added 20 min. before the substrates. 
In the presence of 10—* M semicarbazide the oxygen uptake of 
guinea-pig liver preparations with sympatol as substrate was 
reduced by 20—40 per cent; similar percentage inhibitions 
were seen with the histamine-like compounds. However, in an 
experiment with rabbit liver, 10-*M semicarbazide caused 
an inhibition of the oxidation of compound V of as much as 
56 per cent, while the percentage inhibition with sympatol as 
substrate was 22 per cent. 
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Some additional experiments with the effect of inhibitors | 


on the oxidation of sympatol, 2-f-aminoethyl pyridine and 
methylhistamine were made with guinea-pig liver and cat kid. 
ney preparations. 10-* M cyanide reduced the oxygen uptake 
with these substances by 10—30 %. Iproniazid (10-* M) 
almost completely inhibited the oxidation of the three sub. 
stances, when added to the enzyme preparation 30 min. before 
the substrate. Iproniazid is an effective inhibitor of amine 
oxidase (ZELLER, Barsky and BERMAN 1955). Methylene blue 
is known to inhibit amine oxidase (PHILPOT 1937). In one 
experiment with a guinea-pig liver preparation, methylene blue 
(10~* M) inhibited the oxidation of sympatol, compound VIII 
and methylhistamine by 83, 71 and 50 %, respectively. 


Discussion. 


As far as the action of histaminase is concerned, the sub- 
stances tested fall into three categories. Compounds XIII and 
XXIV, derivatives of imidazole and pyrazole, respectively, 
were very slowly oxidized. The second group includes the de- 
rivatives of thiazole, triazole, pyridine and pyrimidine; these 
substances were not oxidized by histaminase. Thirdly, there 
is methylhistamine; it was oxidized by histaminase relatively 
‘apidly. 

That 2-$-aminoethyl pyridine is not a substrate of hista- 
minase, is in agreement with observations by ARUNLAKSHANA 
et al. (1954). WeERLE and Patm (1953) have reported that 
2-8-aminoethyl pyridine is a substrate of a diamine oxidase 
from plants, but it must be borne in mind that the substrate 
specificity of the plant enzyme differs in many ways from 
the enzyme of animal origin. 

It was found that compounds III, V, VIII, IX and XXIV 
were oxidized when they were incubated with dialyzed pre- 
parations of liver (guinea-pig and rabbit) and kidney (cat). 
This oxidation cannot be explained on the basis of histaminase 
activity, as the liver preparations contained only little hista- 
minase. Moreover, the oxygen uptake was not affected by 
aminoguanidine, a substance known to be a strong inhibitor 
of histaminase (SCHULER 1952) ; this inhibition of the enzymic 
oxidation of both histamine and cadaverine by pig kidney en- 

zyme was readily confirmed in the present experiments. The 
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enzyme preparations, which acted upon the compounds tested, 
all contained the enzyme amine oxidase; they oxidized sym- 
patol, a characteristic substrate of amine oxidase. That amine 
oxidase was the catalyst responsible for the oxidation of these 
compounds, is also supported by the observation that in the 
presence of both sympatol and one of these compounds the 
rate of oxygen consumption was competitive and not additive. 
Furthermore, it was found that the oxidation of the histamine- 
like substances by guinea-pig liver was accompanied by a con- 
comitant formation of a volatile base, probably ammonia. 

The oxidation of sympatol, 2-f-aminoethyl pyridine and 
methylhistamine was inhibited by iproniazid, a substance 
known to inhibit amine oxidase (ZELLER et al. 1955) ; it must 
be borne in mind, however, that this inhibitor also blocks a 
number of other metabolic pathways (Fouts and BRopDIE 
1956). The results of the experiments in which the effects 
of semicarbazide, cyanide and methylene blue were studied, 
are also in accord with the hypothesis that these substances 
were oxidized by amine oxidase. 

The enzymic oxidation of compound III, methylhistamine, 
is of particular interest because it has been shown that in 
many species histamine is methylated to form this compound 
(SCHAYER and KarjaLa 1956). The methylated histamine is 
then oxidized to form 1-methyl-imidazole-4-acetic acid, which is 
excreted in the urine. The present experiments show that 
methylhistamine is a good substrate of histaminase from cat 
and pig in vitro, and that its oxidation by these preparations 
of histaminase is inhibited by aminoguanidine. In the living 
animal, however, the formation of 1-methyl-imidazole-4-acetic 
acid was not diminished by aminoguanidine (ScHAYER, KEN- 
NEDY and SMILEY 1953). Amine oxidase may take part in the 
oxidation of methylhistamine in vivo (SCHAYER and KARJALA 
1956), since its oxidation is inhibited by iproniazid and by 
1-isonicotinyl-2-isobuty] hydrazine, both substances known to 
inhibit amine oxidase. The oxidation of methylhistamine, how- 
ever, is not affected by the p-tolyl ether of choline (SCHAYER 
and KarjALa 1956), an inhibitor of amine oxidase in intact 
animals (SCHAYER, Wu, SMILEY and KospayasHI 1954). There 
is, however, some disagreement how active this substance is 
as an inhibitor of amine oxidase in vivo (CORNE and GRAHAM 
1957). As has been discussed above, it seems likely that methyl- 
histamine as well as the other histamine-like substances was 
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oxidized by amine oxidase in vitro. However, the relative rates 
of oxidation of sympatol and methylhistamine varied some. 
what and this might indicate that the enzyme responsible for 


the oxidation of methylhistamine was, after all, not identical ; 


with amine oxidase. 

It is apparent from fig. 1 that there was no relation between 
the pharmacological activity of these substances and their 
oxidation by the enzyme preparations tested. 

It has been pointed out that the degree of ionization of the 
two basic groups may be one of the factors that determine the 
affinity of diamines to histaminase and to amine oxidase 
(BLASCHKO, CHATTERJEE and Himms 1955).The pK, values for 
some of the amines tested in this study were determined by 
Dr. Reuben G. Jones, who has kindly given us his data. 
Judging from these data, compounds V, VIII and IX must 
have been present mainly as mono-cations in our experiments. 
In agreement with this, they were oxidized by amine oxidase. 
The pK, values of methylhistamine and those of compound 
XIII did not differ much from those of histamine. 

One of the purposes of the present investigation was to find 
a substance which was not inactivated by histaminase or amine 
oxidase and which had histamine-like actions. The substance 
3-f-aminoethyl-1, 2, 4-triazole seems to meet these requirements. 
On isolated tissues it is one of the more potent histamine 
analogues (AINSWORTH and JONES 1953). 

2-$-aminoethyl pyridine seems to be unaffected by hista- 
minase preparations from pig or cat and its histamine-like 
actions have not been potentiated by histaminase inhibitors in 
different types of experiments (ARUNLAKSHANA et al. 1954, 
LINDELL and WESTLING 1956, WEsTLING 1956 and 1957 a). It 
has been observed (WEsSTLING 1957 b) that the histamine-like 
actions of 2-$-aminoethyl pyridine on intact guinea-pigs were 
potentiated by iproniazid. The present experiments provide a 
possible explanation of this observation, since they showed 
that 2-f-aminoethyl pyridine was oxidized by guinea-pig liver 
preparations. The oxidation was inhibited by iproniazid and 
the enzyme responsible was most likely amine oxidase. 
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Summary. 


1. The action of histaminase and amine oxidase prepara- 
tions on seven histamine-like substances was examined. The 
enzyme preparations were obtained from pig and cat kidney 
and from guinea-pig and rabbit liver. 

2. Some of the substances studied were found to be oxidized 
by amine oxidase preparations but not by histaminase. 

3. 1-methyl-4-8-aminoethyl imidazole was found to be a good 
substrate of histaminase. It was also oxidized by amine oxidase 
preparations. 

We are much indebted to Dr. H. Biascuxo, Oxford, for 
constant encouragement and valuable advice. Our thanks are 
also due to mag. scient. KAREN Nitsson, Lund, for skilful 


help. 
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